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A B S T R A C T
Current sewage treatment processes fail to protect against viral 
contamination of the marine environment and human enteric viruses are 
frequently present in sewage effluents. Chief amongst these are the 
Noroviruses (NoV), which are responsible for virtually all outbreaks of 
gastroenteritis. NoVs are non-cultivable, and molecular methods for their 
environmental detection are relatively new. Consequently, virtually nothing is 
known about their survival in the environment.
This project seeks to determine the occurrence of NoVs in crude sewage 
effluents, their behaviour during passage through sewage treatment 
processes, and their subsequent survival characteristics in the marine 
environment. Current NoV detection methods are dependent on qualitative 
reverse transcription PCR (R T-PCR), however survival studies require 
quantitative methods.
Within this study, a quantitative PCR assay for NoVs in sewage effluents has 
been developed using the real-time TaqMan assay. Data demonstrate that 
NoVs are ubiquitous in effluent samples, with higher titres present within 
winter months. Viruses were poorly inactivated by treatment and were still 
present at high titre in final (secondary) effluent. NoVs were detected in 75%  
of final effluents tested. In contrast, E.coli was approximately tenfold more 
sensitive to inactivation/removal by treatment.
Sunlight was found to be an important factor in virus inactivation within 
seawater, whilst decreased temperature favored survival. Al! E.coli 
inactivation times were dramatically quicker than viruses, notably NoV and on 
average NoV demonstrated longer survival times than any organism.
Overall, it was judged that conventional bacterial indicators of sewage 
treatment efficacy and bathing water standards do not adequately reflect the 
survival of viruses during treatment or in the marine environment.
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E N V I R O N M E N T A L  T R A N S M I S S I O N  O F  V I R U S E S  
A S S O C I A T E D  W I T H  E N T E R I C  D I S E A S E
2Enteric viruses are transmitted to the human gastro-intestinal tract via the 
faecal oral route and are shed in high titres in the faeces of infected 
individuals. Thus, ineffectively treated domestic sewage potentially harbours 
a variety of human pathogenic viruses. The discharging of such effluent into 
the environment may permit the transmission of enteric viruses to humans 
through a variety of routes (figure 1.1). Effluents are commonly discharged 
into the water environment, including oceans, estuaries, rivers and lakes. 
Many of these are commonly used for both the cultivation of shellfish stocks 
and human recreational activities such as bathing and sailing. In addition, 
the use of polluted water for irrigation could transmit viruses through the 
contamination of foodstuffs such as fruit and salad vegetables, and the 
production of virus-containing aerosols (Sadovski et al., 1978). Biological 
treatment of sewage is only partially effective at virus removal (Sorber, 1983) 
and consequently it must be assumed that effluent discharges regularly 
release enteric viruses into the environment. Moreover, population growth 
would gradually increase the frequency and volume of these discharges. 
The prevalence of enteric viruses in a community’s effluent is dependent on 
the number of individuals in the population shedding viruses at any given 
time (Block & Schwartzbrod, 1989). It is documented that the water 
environment represents an important source of infection of enteric disease 
(Ramia, 1985). Enteric virus disease can therefore be seen as a cycle of 
infection whereby virus is shed into the environment and re-transmitted by 
either ‘environmental’ (i.e., waterborne, food-borne) or ‘community’ (person- 
person) acquired infection. Two factors can affect this cycle. The first being 
the ability of wastewater treatment processes to remove and/or inactivate the 
viruses within the effluent and secondly, the survival characteristics of the 
pathogens within the aqueous environment. Understanding the 
environmental factors controlling enteric virus survival and transport could be 
the ’’key in understanding and defining the sudden occurrence of epidemics 
and maintenance of infections within a population” (Melnick, 1984). This 
study aims to examine these factors by investigating the prevalence of the
1 !  IN TR O D U C TIO N
3leading agent of viral gastroenteritis, norovirus (Kapikian and Chanock, 1990) 
in domestic crude sewage effluents. Norovirus behaviour will be examined 
during passage through conventional biological sewage treatment systems, 
in addition to their survival characteristics post-discharge in the marine 
environment.
4HUM AN /A N IM A L  
FA E C E S /E X C R E M E N T
H UM ANS
F ig u r e  1.1 Diagram of routes of enteric virus transmission in the 
environment
(Adapted from Metcalf e t  al., 1995)
51.2 PR ESEN C E OF EN TER IC  V IR U S ES  W ITH IN  THE E N VIR O N M EN T
Less than 100 years ago, typhoid fever and cholera were the main causes of 
waterborne illness and death in the developed world. Improvement in 
sewage treatment processes has eliminated many such bacterial waterborne 
diseases, but human enteric viruses may be present in treated domestic 
effluents that are consequently discharged into the marine environment 
(Melnick, 1984, Baggi et al., 2001).
It is estimated that over 140 different types of enteric viruses falling into 
several different taxonomic groups exist in sewage (Ashbolt, 2000). The  
most common include members of the virus families Picornaviridae, 
Adenoviridae, Reoviridae, Astroviridae, and Caliciviridae. Viruses present in 
contaminated water could enter the human body via the mouth, eyes, nose, 
ears, and through abrasions and breaks in the skin surface (Ramia, 1985). 
Many of the enteric viruses found in wastewater cause in-apparent infections 
and are difficult to detect (Bitton, 1994). However, other enteric viruses can 
cause a range of diseases and symptoms from relatively mild conditions such 
as skin rashes, fever, respiratory infections, and conjunctivitis to more 
serious illnesses such as gastroenteritis, infectious hepatitis and meningitis, 
and even paralysis and in extreme cases death (W ebster and Granoff, 
1994).
To study all the enteric viruses detected within sewage effluents is way 
beyond the scope of this thesis, however selected viruses are worthy of note, 
because they have been used as models for the behaviour of the non- 
cultivable noroviruses, (section 1.3.2 .1 ) the most common agent of viral 
gastroenteritis in humans (Kapikian and Chanock, 1990). Model viruses 
include enteroviruses (poliovirus type 1), and adenoviruses types 40 -41  as 
well as the candidate sewage pollution indicator F+ bacteriophage. The  
following section provides a brief overview of these viruses.
6Enteroviruses are members of the Picornaviridae , a family of non-enveloped, 
small (22-30 nm) single stranded RNA viruses, whose genomes range from 
approximately 7.2 Kb to 8.5 Kb in length (pico=small). Most picornaviruses 
have a narrow host range, and some are important pathogens of humans 
and animals. The family includes nine genera: cardiovirus, apthovirus, 
parechovirus, erbovirus, kobuvirus, teschovirus, rhinovirus, hepatovirus, and 
enterovirus of which, the latter three are important for man (Oberste et al., 
2000).
The genus enterovirus comprises 67 named serotypes (poliovirus, coxsackie 
A and B viruses, echoviruses, and enteroviruses 68-71), and currently 22  
serotypes remain un-named (table 1.1). Since 1969, ‘new’ enteroviruses 
have been assigned numbers (68-72) not names. The various illnesses 
associated with different enteroviruses serotypes are detailed in table 1 .2 .
Enterovirus virions are stable at pH 3-10 and at temperatures <27°C. The  
viruses are also resistant to ethanol and lipid solvents, however they are 
inactivated at temperatures of 55°C-60°C over a period of 30 minutes 
(Singleton & Sainsbury, 1995). Enteroviruses are sensitive to formaldehyde, 
hydroxylamine, ultra violet (UV) and ionising radiation as well as to acridine 
dyes and ozone (Kocwa-Haluch, 2001). Shedding of viral particles in the 
faeces can occur as long as 3 months post-infection (Block & Schwartzbrod, 
1988). Various types of enterovirus have been detected in sewage effluents 
and the marine environment, including poliovirus (vaccine strain) (Sellwood 
et al., 1981), and Coxsackievirus B (serotypes 1-6) although B3, B4 and B5 
are most frequently identified (Sellwood et al., 1981, 1994 Irving & Smith, 
1981, Lewis et al., 1986), and enteroviruses comprise a large proportion of 
the viruses detected in sewage effluent and within the marine environment 
(Block & Schwartzbrod, 1988). Echoviruses are identified less frequently 
(Hovi et al., 1996).
1.2.1 E n te ro v iru se s
7The Communicable Disease Surveillance Centre (C D SC ) with the UK Health 
Protection Agency (HPA) conducts a bi-yearly surveillance of all waterborne 
disease within England and W ales. The prevalence of enteroviruses within 
sewage effluents and fresh water is monitored amongst other waterborne 
pathogens. The reports have generally concluded that enteroviruses are 
detected throughout the year in crude effluents and river water, with the 
occasional sporadic higher count noted in some months (PHLS, 2002, PHLS, 
2003). Clinical cases are common ail year, with numbers increasing in the 
summer and autumn. In contrast, for the past two years (July to December 
2001 and July to Decem ber 2002) the numbers of enteroviruses isolated 
were highest early in the year (Decem ber to March), and the usual marked 
increase during the autumn was not observed coxsackievirus B5 was the 
most common serotype identified from sewage and river water throughout 
the 2001 study. Coxsackie B5 is also the strain most commonly associated 
with clinical illness. Low numbers of polioviruses were also detected 
throughout the year. Sequencing data confirmed all isolates to be vaccine­
like (PHLS, 2002, PHLS, 2003). It will therefore be interesting to ascertain 
whether the data collated in this study will reflect these findings.
S P E C IE S
N U M B ER  OF  
SER O TYPES
Bovine enterovirus 2
Human enterovirus A (coxsackie A viruses) 1 0
Human enterovirus B (coxsackie B viruses, 36
echoviruses)
Human enterovirus C (coxsackie A viruses) 11
Human enterovirus D 2
Poliovirus 3
Porcine enterovirus A 1
Porcine enterovirus B 2
Unassigned: 22
TO TA L: 89
T a b le  1 .1  Enterovirus species, detailing the number of serotypes within 
each species.
(Adapted from http://www.micro.msb.le.ack/335/picornaviruses)
9Enteroviral infections do not cause gastroenteritis and many are 
asymptomatic. Enteroviruses have rarely been associated with food-borne 
infections of any kind, including shellfish (Oliver, 1994). However, the viruses 
are commonly isolated from shellfish (Jaykus et al., 1994) and it is possible 
that the incidence of food-borne enterovirus infection could be 
underestimated due to their long incubation periods and the frequent lack of 
clinical symptoms (see above). The presence of enterovirus infection could 
therefore be significantly under-reported within the community (Maguire et 
al., 1999). Due to the ease with which they can be grown enteroviruses have 
been widely used as models for enteric virus behaviour and survival in the 
environments (Weatherly, 1998). In addition, their high prevalence in 
effluents (Anon, 2002) has made them useful as markers for the potential 
distribution of human faecal viruses in the environment.
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1.2.2 Enteric  A denoviruses Types 40-41
Group F Enteric adenoviruses (serotypes 40 and 41) are classified within the 
Menoviridae and are associated with childhood infection. These viruses 
account for approximately 1 0 % of acute diarrhoeal episodes in young 
children (Uhnoo et al., 1984). The role of enteric adenoviruses as a cause of 
childhood enteric viral disease was first documented in 1975 (Flewett et al., 
1975). Adenovirus virions are stable and are not inactivated by pancreatic 
proteases, low pH, or bile salts (Singleton & Sainsbury, 1995). Adenoviruses 
comprise a linear dsDNA genome enclosed in a non-enveloped icosahedral 
capsid, and are typically 70-90nm  in diameter. The viral particles are shed in 
the faeces of the host 3-4 weeks following initial infection.
1.2.3 F+ B acteriophages
F+ bacteriophages (also referred to as male-specific RNA bacteriophages) 
are similar morphologically to enteric viruses such as enteroviruses and 
NoVs (IAW PRC, 1991). F+ phages comprise a simple cubic capsid of 24- 
27nm containing single stranded RNA, and can only infect a bacterial host 
exhibiting sex fimbrae (pili) coded for by the fertility (F) genetic factor 
(Havelaar and Hogeboom, 1988). Bacteria only produce such pili at 
temperatures at or above 30°C (Novotny and Lavin 1971). It is therefore 
assumed unlikely that F+ bacteriophages will replicate in the marine 
environment as seawater rarely reaches such elevated temperatures 
(Grabow et al, 1995). The features of these phages have led many workers 
to suggest them as potential indicators of human sewage pollution in the 
marine environment as a replacement to the current bacterial indicators 
(Dore etal., 2000; Grabow et al., 1993; IAW PRC, 1991)
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1.3 O C C U R R EN C E OF E N V IR O N M E N TA LLY  TR A N SM ITTED  C A SES OF 
EN TER IC  D ISEA SE
In contrast to enteric viruses that may cause in-apparent infections, it has 
long been recognised that low-level transmission of infectious hepatitis and 
viral gastroenteritis by water or food may play the most significant role in the 
spread of these agents between communities distant from one another. The  
following section gives an overview of these viruses.
1.3.1 In fectious Hepatitis
1.3.1.1 Hepatitis A Virus
A considerable part of the literature concerning enteric virus disease details 
the epidemiological evidence for hepatitis A virus (HAV) transmission by 
sewage-polluted drinking or recreational water, (Bryan et al., 1974). Hepatitis 
A virus (HAV) is a member of the picornaviridae, and has recently been 
reclassified from enterovirus 72 to form the only m ember of the genus 
hepatovirus. Viral particles are 27-28nm , containing a single stranded 
positive sense RNA genome. HAV is the aetiologic agent of infectious 
hepatitis, an acute, often sub-clinical disease that is localised to the liver, and 
does not cause gastroenteritis (Block & Schwartzbrod, 1988). Relapsing 
HAV-associated illness has been documented in approximately 10% of cases 
(Sjorgen et al., 1987), whereby patients experience recurrent symptomatic 
hepatitis, with presence of the virus in stools within several months of the 
initial acute infection, suggesting HAV persistence. Symptoms of HAV  
infection include malaise, fever and jaundice resulting from liver inflammation 
and damage. There is only one known serotype of the virus and HAV  
infection induces life-long immunity. (Block & Schwartzbrod, 1988). 
Although it is generally believed that waterborne transmission plays only a 
minor role in the epidemiology of HAV infection in developed countries, 
(Ramia, 1985) numerous large outbreaks of infectious hepatitis have been 
documented. However, the incidence rate has declined in developing
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countries since the 1970s, due to improvements in sanitation (Leclerc et al., 
2002). Increased sanitation reduces exposure to the virus in childhood and if 
infection does occur it is normally later in life when symptoms are more 
severe (Cuthbert, 2001) The current low incidence of HAV infection in the UK 
means that only a small percentage of the population are immune. There is 
thus a risk of large outbreaks potentially spread through sewage- 
contaminated water supplies or food. Food-borne transmission of HAV  
appears to be more important than waterborne transmission (Bitton, 1994) 
and outbreaks of infectious hepatitis due to the consumption of faecally 
contaminated shellfish are well documented (Richards, 1985, Jaykus et al., 
1994). An outbreak of epidemic proportion (including approximately 300,000  
cases) was reported in Shanghai, China in 1998 (Halliday et a l, 1991). 
Recently researchers at CEFAS, Weymouth confirmed the presence of HAV  
within shellfish from a prohibited harvesting area using PCR and nucleotide- 
sequencing (Henshilwood, pers.comm.).
1 .3 !  .2 Hepatitis E Virus
Hepatitis E virus (H EV) is another viral agent of infectious hepatitis, causing 
epidemics in underdeveloped countries, often through water contamination. 
HEV infections are rare in the developed world, and are mostly confined to 
tropical and sub-tropical areas. HEV was previously classified as a member 
of the family Caliciviridae, and is now designated as ‘Hepatitis E-like viruses’ 
as an unassigned genus (Pringle, 1998). Hepatitis E viruses are 20-30nm  
non-enveloped particles containing a single stranded RNA genome. HEV, 
like HAV replicates within the liver and causes a self-limiting disease without 
progression to chronic illness. Incubation is long at approximately 40 days 
and symptoms (abdominal pain, nausea, and vomiting) are comparable to 
HAV but are more severe particularly in pregnant women (Emerson & 
Purcell, 2003).
Due to the current low prevalence of HAV and HEV in the UK, these viruses 
will not be included for examination within this study.
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In the past, only a relatively small group of viruses had been identified as the 
aetiologic agents of waterborne disease outbreaks causing acute 
gastroenteritis in humans and fewer have been proven to be true aetiological 
agents. Viruses were infrequently identified because of previous inadequate 
diagnostic technology. It is now recognised that enteric viruses are 
responsible for the majority of waterborne outbreaks of diarrhoeal disease. 
The global burden of waterborne gastroenteritis is considerable and although 
diagnostic technology has improved, the real incidence of waterborne 
diseases may be considerably under reported.
The majority of enteric viruses present in sewage effluents (rotaviruses, 
reoviruses, astroviruses, enteric adenovirus types 40-41) cause 
predominately paediatric gastroenteritis infections, thereby engendering 
immunity to the greater part of the adult population. The norovirus (NoV) 
group of enteric viruses also affects children, however in contrast to the other 
viruses, little herd immunity exists in the community (see section 1.3.2 .1 .2 ), 
and much of the adult population is susceptible to infection (CDC, 2001). In 
consequence, NoVs are believed to be the main cause of virus-associated 
gastroenteritis in humans of all age groups (Kapikian & Chanock, 1996) and 
as such are the subject of study within this thesis.
1.3.2.1 Noroviruses (NoVs)
1.3.2.1.1 Classification
Noroviruses are classified as members of the Caliciviridae. Caliciviruses 
have distinct viral particle structures, the icosahedral capsid displaying cup­
like depressions on its surface (calici = cup). NoV particles have a feathery 
ragged edge and an amorphous structure when viewed by electron 
microscopy (EM ) (Caul & Appleton, 1982). The virions are non-enveloped 
and contain one molecule of linear ssRNA. The family Caliciviridae contains
1.3.2 V iru s e s  C ausing G a stro e n te rit is
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four genera, Vesivirus, Lagovirus, Sapoviruses (previously termed Sapporo- 
like viruses) (SVs), and Noroviruses (previously called Small Round 
Structured Viruses and Norwalk-like viruses) (Mayo, 2002). The type species 
of these genera are; Swine Vesicular exanthema virus, rabbit haemorrhagic 
disease virus, Sapporo virus and Norwalk virus respectively (Pringle, 1998) 
(the former two genera infecting animals only). NoVs and SVs both infect 
humans, however, the NoV genus is clinically the most important, and most 
SV infections occur in children (Fankhauser et al., 1998)
1.3.2.1.2 NoV Characteristics
The first norovirus was identified in a faecal specimen derived in 1968 from 
an outbreak of gastroenteritis in a school in Norwalk, Ohio, USA. (Kapikian 
et al., 1972). Immune electron microscopy (IEM ) permitted the identification 
of featureless, 27nm viral particles, present in low numbers. Norovirus was 
the first virus to be identified as a cause of non-bacterial gastroenteritis. 
Recent studies (Green et al., 1995; Maguire et al., 1999) conclude that NoVs 
are the most common cause of epidemic viral gastroenteritis.
Clinical features of NoV mediated gastroenteritis include an average 
incubation period of 12-48 hours and a typical duration of 12-60 hours. 
Symptoms include acute onset of vomiting, nausea, severe abdominal 
cramps, and diarrhoea. Data from the CDC indicates that vomiting is 
relatively more prevalent among children, and a greater proportion of adults 
experience diarrhoea. No long-term sequelae of NoV have been reported 
(CDC, 2001).
NoVs display numerous characteristics that optimise transmission during 
epidemics of illness. In addition to the lack of herd immunity, the low 
infectious dose of < 10 0  viral particles permits dynamic droplet or person-to- 
person spread, thereby promoting secondary transmission, and spread by 
infected food handlers. The virus is documented to be shed 
asymptomatically from infected individuals for up to of 2  weeks, again
15
increasing the risk of secondary transmission. The CDC have documented 
that NoVs are able to survive 10ppm chlorine, freezing, and heating to 60°C, 
allowing the virus to survive in ice and lightly cooked shellfish (CDC, 2001). 
The major feature that promotes explosive outbreaks of NoV associated 
gastroenteritis is the lack of immunity to infection in the community. The  
factors responsible for resistance or susceptibility to NoV infection are not yet 
identified and studies are hampered by the non-cultivable nature of the 
viruses, thus in vitro neutralization assays are not available. Immunity 
following infection with NoVs is only temporary, lasting approximately one 
year (Jaykus et al., 1994). Numerous studies have indicated that persons 
with a higher level of pre-existing antibodies to NoVs would probably 
experience illness if exposed to the virus (Parrinno et al., 1977, Johnson et 
al., 1990). The transitory immunity is homologous (i.e., against the same 
strain). It has been shown however that some individuals are resistant to 
infection despite low humoral immunity (Jaykus et al., 1994). A recent study 
(Hutson et al., 2002) investigated the relationship between a person’s blood 
type and the risk of Norwalk Virus (NoV) infection and symptomatic disease 
after clinical challenge, it was found that individuals with an O phenotype 
were at significantly increased risk of NoV infection (odds ratio 11.8), 
whereas individuals with a B histo-blood group antigen were resistant to NoV  
infection (odds ratio 0 .096) and symptomatic disease (odds ratio 0). They  
believe the presence or absence of receptors or other genetic factors may 
explain such resistance or susceptibility, which could be useful in developing 
anti viral treatments for the elderly or immuno-compromised patients. In 
conclusion, the study suggested that some people are more susceptible 
genetically to NoV infection, which might help explain the fact that certain 
members of the population experience NoV infection and disease after re­
exposure to the virus even when displaying high antibody levels to NoV.
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The NoVs display high sequence diversity between strains and are classified 
into three genogroups (I, II & III). NoVs infecting humans are found within the 
well-characterised Gl and Gil (figure 1.2), and a third putative genogroup 
(G ill) that currently contains the alphatron strain (Gray, Pers. Comm). NoVs 
are also pathogens of pigs and cows. Swine strains are thought to be most 
closely related genomically to GM, and bovine strains relate to both Gl and 
Gil (Gray, Pers. Comm).
The first NoV strain to be cloned and sequenced was that of Norwalk Virus 
(genogroup I) in 1990 (figure 1.3) (Jiang et al., 1990). The sequencing of the 
complete Norwalk virus genome was completed in 1996 (Hardy & Estes, 
1996). Since then both Southampton (Lamden et al., 1993), and Lordsdale 
strains (Dingle et al., 1996) have been fully sequenced, and regions of 
numerous other strains of both genogroups have also been characterised 
(Cauchi et al., 1996, Liu et al 1997). The NoV genome is a single stranded 
RNA of approximately 7.7Kb in length that encodes three open reading 
frames (ORFs). The longest ORF (O R F1) encodes a 1,738-amino acid 
polypeptide, which has similarities to the polyprotein of the picornaviruses, 
with domains of sequence identity to the picornavirus 2C helicase, 3C-like 
cysteine protease, and 3D-like RNA-dependent RNA polymerase. ORF 2 
encodes the major capsid structural protein (Jiang et al., 1993). ORF 3 is the 
smallest and codes for a basic protein, Glass et al (2000) recently 
determined this to be a minor capsid protein. Genogroup I (G l) NoV  
genomes (7.7Kb) are slightly larger than those of genogroup II (G il) (7.5Kb) 
as the ORF 1 of Gil NoVs is smaller. The 5 ’ region of ORF 1 is highly 
variable and is thought to reflect differences in secondary structure between 
the two genogroups (Jiang et al., 1993).
1 .3 .2 .1 .3 . N o V  G e n o m e  S tru ctu re
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F ig u r e  1 .2  Phylogenetic tree showing genetic relationship between a 
selection of clinical and published NoV strains within the two genogroups (I & 
II), and bovine strains at the nucleotide level. The tree is based on alignment 
of approximately 80 nucleotides within the RNA polymerase gene.
The numbered line indicates the percentage divergence of nucleotide bases. 
The tree was generated using the clustal V  algorithm within the MegAlign 
program of the DNAstar software package (DNAStar Inc)
(Adapted from Henshilwood, 2001)
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The animal and human caliciviruses have been shown to produce a 
polyadenylated subgenomic RNA 3 ’ co-terminal with the genome. This 
contains information for both O RF2 and ORF3. In human and animal 
caliciviruses, this additional RNA is also included in the virion. It is thought to 
assist in the production of capsid protein early in infection and may 
participate in viral recombination (Jiang et al., 1999; Lamden et al., 1995). It 
has also been suggested that NoVs also produce a subgenomic RNA, as 
RNA over 2 Kb long has been detected (by Northern blotting) from the stools 
of an infected volunteer (Lamden et al., 1995). Fiowever, the derivation of 
this molecule cannot be confirmed, due to the lack of a system to study viral 
replication in-vitro.
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F ig u r e  1 .3  Genome organisation of human caliciviruses.
(A) Genome organisation of Norwalk virus. The first O RF encodes the non- 
structural proteins: ORF 2 encodes the capsid protein: and ORF 3 encoded 
minor capsid protein. (B) Genome organisation of Manchester virus (Liu et 
al., 1997). O RF 1 encodes the non-structural proteins and the capsid protein, 
followed by O RF 2 (the homologue of the Norwalk virus O RF 3) encoding a 
small basic protein. O RF 3 is encoded by an out-of-frame sequence within 
ORF 1
(Modified from Estes & Leparc-Goffart, 1999)
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Noroviruses are spread through the faecal oral route, and have been shown 
to be present in sewage effluents (Lodder et al., 1999; Schvoerer et al., 
2000). Four main routes of transmission have been recognized leading to 
outbreaks of infectious disease. Transmission can be either environmentally- 
acquired for example food-borne (predominately contaminated shellfish) and 
waterborne transmission, or community-acquired by person to person 
transmission (airborne, direct surface contamination or via infected food 
handlers). A recent report conducted by the Centre of Disease Control 
(CDC, 2001) within the US investigated 348 outbreaks of gastroenteritis 
reported to them between January 1996 and November 2000 (figure 1.4) The 
majority of these cases were food-borne in origin, and in 90%  of the 
outbreaks, NoVs were detected by R T-PC R  (CDC, 2001).
1.3.2.1.4.1 Foodborne NoV infection: Bi-valve Molluscan Shellfish
Bivalve molluscan shellfish (oysters, cockles, clams, mussels) are the most 
common food type associated with epidemic NoV infection. Each year 
numerous outbreaks are reported worldwide. In the UK, these data are 
collected by the Health Protection Agency (HPA (formerly PHLS) 
Communicable Disease Surveillance Centre (CDSC). The first documented 
association of viruses with shellfish-borne gastroenteritis was through the 
consumption of cooked cockles in the winter of 1976-77 in the UK. The  
cockles were linked with 33 incidents of disease effecting nearly 800 people 
(Appleton & Pereira, 1977). The first documented large outbreak of NoV 
gastroenteritis through the consumption of shellfish (affecting over 2000 
people) was reported in Australia in 1978 (Murphy et al., 1979). Since then, 
numerous other outbreaks have been documented (Gunn et al., 1982; Kohn 
et al., 1995; Christensen et al., 1998; Berg et al., 2000). Such outbreaks are 
seasonal, with the highest number of cases reported in the winter months 
(PHLS Viral Gastroenteritis Sub-Committee, 1993). A recent study (Mounts 
et al., 20 0 0 ) surveyed the scientific literature and detailed twelve surveys of
1 .3 .2 .1 .4  E n v iro n m en ta lly  a c q u ire d  N o V  infection
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gastroenteritis, which were conducted for at least 1 year, that specifically 
identified NoVs. These surveys, which were conducted in eight countries, 
reported sporadic cases and outbreaks of NoV-associated gastroenteritis 
among all age groups. The survey concluded that although transmission 
occurred year-round in most surveys, a cold weather peak was demonstrated 
in 11 of the 12 studies. In contrast, a study conducted by the Heath 
Protection Agency on surveillance of NoV infection in England and W ales  
from 1995-2002 challenges the view that outbreaks of NoV infections 
predominately have wintertime seasonality. A mid-summer peak was 
observed in 2 0 0 2 , unlike all six previous years where there was a marked 
summer decline. The increase in 2002 was most marked in the 65-plus age 
group. The study suggested that the trend might be explained by change in 
the way healthcare institutions are run (where many NoV outbreaks occur).
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F ig u r e  1 .4  Mode of transmission of 348 outbreaks of gastroenteritis 
reported to the CDC between Jan 1996 and Nov 2000. In 90%  of these 
cases, NoVs were detected by RT-PCR. Adapted from CDC (2001).
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It is documented that within the US, NoVs are responsible for 23%  of all 
reported waterborne outbreaks of viral gastroenteritis (Keswick et al., 1985). 
Such outbreaks have been associated with municipal water systems (Kaplan 
et al., 1982; Brugha et al., 1999), swimming pools (Kappus et al., 1982), and 
contaminated ice and lakes (CDC, 1990). The contributing factors in these  
outbreaks included the absence of filtration or inadequate disinfection 
(chlorination) of the water supply (Hedberg & Osterholm, 1993). In 1998 
Finnish researchers were the first to report the detection of NoV in tap water 
for drinking (Kukkula et al., 1998). The NoV contamination led to an outbreak 
in Finland that gave rise to 1700-3000 cases of disease. Again, inadequate 
chlorination of the water contributed to the survival of the virus. A recent 
report detailed an outbreak of NoV-associated gastroenteritis affecting 
approximately 500 people in a Swedish ski resort during the winter months of 
February-March 2002. Infection was linked to drinking un-boiled water 
originating from a communal water system and a crack in a sewage pipe 10 
meters away from the well was later found. Interestingly drinking water was 
found to be negative when analysed for bacterial indicators of faecal 
contamination (Carrique-Mas et al., 2003). To date bottled mineral water has 
never been clearly identified as a source of NoV infection. However, a recent 
study (Beuret et al., 2002) was conducted in which three European brands of 
mineral water were monitored weekly for a year for NoV presence by RT- 
PCR. O f the 139 samples analysed, 33%  were positive for NoV. The results 
were confirmed by nucleotide sequence analysis. In addition, ten of the 
positive samples were re-tested after 6 months and 12 months. After 6 
months, all samples remained positive and after 12 months, 9 of the 10 were  
also RT-PCR-positive for NoV. The authors state the likelihood that the 
samples contained infective virions is high, as they believe that their method 
of virus concentration by adsorption to filters and elution by beef extract 
would be impossible If the virions were not intact, and that it is improbable 
that naked viral RNA would survive for several months. The authors also
1 .3 .2 .1 .4 .2  Waterborne NoV infection
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refer to unpublished data on an investigation of repeated NoV infections in a 
nursing home, in which mineral water was "suspected as the vehicle of 
illness”. Outbreaks of illness halted after the suspected mineral water 
ceased being consumed. In contrast to the 2002 study, a similar 2-year 
study was conducted by a leading bottled water manufacturer (Lamonde et 
al., 2003). The study stated that although 2.44%  of the samples tested were  
presumptive NoV positive by RT-PCR , subsequent nucleotide sequence 
analysis characterised them as non-specific amplification or due to cross­
contamination.
1.3.2.1.4.3 Recreational W aters
The risk of bathing in recreational waters contaminated with human sewage  
is also well documented (Cabelli, 1983; Cabelli, 1989; Alexander et al., 1992; 
Von Schirnding, 1992). In 1982, an outbreak of NoV associated 
gastroenteritis occurred in visitors to a recreational park in the USA. A  
significant relationship was established between illness and swimming in the 
park lake (Barron et al., 1982). In Hong Kong, a report stated that there was 
a greater risk of enteric disease at beaches affected with sewage pollution 
than those, which were considered unpolluted, and that swimmers were at 
higher risk than non-swimmers (Cheung et al., 1990). In the UK, a positive 
correlation was established between ingestion of contaminated water by a 
group of canoeists and gastroenteritis symptoms by identification of NoV  
within the faces of infected individuals by R T-PC R  and nucleotide 
sequencing (Gray et al., 1997). it is interesting to note that a mixed infection 
of two genogroups of NoV was identified in the affected individuals. This is 
consistent with NoV infection acquired from sewage-contaminated water as a 
similar observation has been documented in NoV infections following the 
consumption of shellfish grown in sewage-contaminated harvesting areas 
(Sugieda et al., 1996).
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1.4 O C C U R R EN C E OF C O M M U N ITY -R E LA TE D  C A SES OF ENTERIC  
DISEA SE
Norovirus infection in the community can be spread rapidly by secondary 
transmission from person to person and by infected persons handling 
foodstuffs. Several outbreaks have occurred as a direct result of secondary 
contamination of food with NoVs from infected food handlers (White et a l, 
1986; Reid et a l, 1988; Kuritsky et al., 1984; Inverson et a l, 1987). 
Transmission can be potentially rapid as large quantities of cold foodstuffs 
can be prepared by a single food handler, and consequently sold to the 
public, creating possibly thousands of cases of illness. One particular 
outbreak of NoV associated gastroenteritis caused by such secondary 
contamination, occurred at a hotel in the UK, where over 164 people were 
taken ill (Reid et a l, 1998). One outbreak documented a single food handler 
who whilst preparing 76 litres of butter cream presented gastroenteritis 
symptoms and vomited twice during his shift. The cream was used on 
10,000 food items sold to the public and over 3000 cases of illness were  
reported (Kuritsky et a l, 1985). Such cases highlight the fact that food can 
easily become contaminated by poor hygiene.
In other cases where outbreaks of illness are not apparently related to 
contaminated food, the virus is believed to be spread by aerosol created by 
vomiting patients and direct-contact/surface contamination (PHLS, 1993). 
This diversity in the means of transmission is probably responsible for the 
rapid spread and very high attack rates typical of NoV outbreaks. Prolonged 
outbreaks in cruise ships and hotels suggest that residual environmental 
contamination is important, but the role fomites may play in this is unclear, as 
little is known regarding the survival characteristics of these viruses. An 
incident was reported in which a contaminated carpet appeared to be the 
source of infection (Cheeseborough et al., 1997). Two carpet cleaners 
suffered NoV symptoms 36 and 48 hours after removing a carpet from a 
hospital-ward that had 3 weeks previously housed patients with NoV  
gastroenteritis. Since the end of the outbreak, no other patients with
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symptoms suggestive of NoV had been in this room. The authors suggest 
that the carpet may have harboured viable virus for a least 12 days, and that 
the virus was not removed by routine vacuum cleaning.
The occurrence of NoV-associated gastroenteritis outbreaks is well 
documented, and is often highlighted within the media. The actual 
prevalence of such viruses within the community was until recently iii defined. 
Norovirus-associated gastroenteritis is a self-limiting disease lasting 
approximately three days, and as such, few patients present their symptoms 
to a GP and fewer submit a stool sample for analysis (Feldman & Banatvala,
1994). In addition, previous data obtained through the voluntary reporting of 
specified isolates by clinical microbiological laboratories to the Health 
Protection Agency (HPA) Communicable Disease Surveillance Centre 
(C D SC ) were also thought to highly underestimate the true incidence of 
infection (Feldman & Banatvala, 1994). Therefore, it is assumed that the 
actual level of norovirus infection in the community is much higher than 
estimated figures.
A few studies have been conducted in Europe in recent years to ascertain 
the actual prevalence of NoV infection in the community. The main objective 
of each of the studies was to determine the significance of enteropathogenic 
organisms within the general population.
1 .4 !  UK Based In fectious Intestinal D isease (IID) S tudies
One British study (Tompkins et al., 1999) aimed to ‘identify the 
microorganisms and toxins in stool specimens associated with infectious 
intestinal disease (IID) among cases in the community, patients presenting to 
general practitioners (GPs) and in asymptomatic controls’. The study 
analysed stool samples from two main groups. Firstly, population based 
cohorts were recruited from 70 GP practices and were followed for 26 weeks 
(community cohort). Secondly, samples were taken from 2893 cases that
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presented to GPs in 34 of the practices. Samples were also taken from 
age/sex matched control subjects.
The samples were subject to comprehensive microbiological (bacterial, viral, 
protozoal) investigation. The results obtained showed that NoVs were the 
third most common organism detected in the GP presentation component 
with 6.5%  of faecal samples positive for NoV, rotavirus group A (7.7% ) was 
second, and Campylobacter spp (12.2% ) the highest. However, the 
community cohort identified NoVs as the most commonly identified organism, 
with 7%  of all cases positive. For both the GP and Community groups 45.1%  
and 63.1%  of all samples contained no target organisms or toxins 
respectively. The study suggested that Campylobacter spp and rotavirus 
group A might have been identified more frequently within the GP study 
because they cause more severe disease thereby increasing the likelihood of 
the patient to seek medical advice. In addition, electron microscopy and 
enzyme immunoassay were employed for virological analysis. In comparison 
to molecular techniques, such methods are relatively insensitive, and might 
decrease the identification rate. In conclusion, the study illustrated that NoV 
infection is prevalent within the UK community and that these viruses are 
responsible for many cases of community acquired IID.
The second British study (W heeler et al., 1999) again included a population- 
based cohort study, general practice based incidence studies and case 
linkage to national laboratory surveillance. The study described IID reporting 
as a pyramid. On average, for every 136 cases in the community, 23 are 
presented to a GP, 6.2 stool samples were submitted for laboratory analysis. 
O f these, 1.4 tested positive for pathogens, and finally one case was reported 
to the national surveillance system. In addition, it was noted that the ratio of 
cases in the community to cased reaching national surveillance was lower for 
bacterial pathogens (salmonella 3:1) than viruses (NoVs 1562:1). This figure 
was documented to be lower within the US (NoVs 460:1) (M ead et al., 1999)
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1.4.2 N etherlands Based Infectious Intestinal D isease (IID ) Study
As with the UK study, samples were collected from both a GP based group 
and from a community cohort group in the same population area. Stool 
samples from the community group were collected from both patients that 
presented to a GP with gastroenteritis symptoms, and those who did not. 
Following the onset of gastroenteritis symptoms samples were collected on 
days 0, 8, 15, and 15. The results were comparable to the UK study, 
indicating that NoV detection was highest within the community group and 
bacterial agents more prevalent to NoV within the GP group, again 
suggesting a higher reporting rate of more severe bacterial gastroenteritis to 
GPs. However, NoV infection was more underrepresented within this study. 
The authors suggested that this might be the result of ‘lower thresholds for 
GP consultation in the UK’. Bacterial agents in general were more frequently 
identified within the GP study, but approximately 17% more of cases from the 
community were positive for viruses. NoV was the most frequently identified 
organism within the community. Campylobacter species were most common 
in the GP component, but were significantly lower within the community. The  
study also addressed the issue of viral shedding. It was found that in 
contrast to other viruses and bacteria NoVs ‘were detected only marginally 
less frequently in second stool samples than in first’ and ‘a substantial 
amount of cases were not positive for NoVs until the second sample’. This 
may indicate that NoV shedding does not necessarily commence with onset 
of symptoms. This finding has also been observed in other studies, where 
viral shedding continued (in high titres) after the resolution of symptoms 
(Marshall et al., 2001; Okhuysen et al., 1995). In contrast, an older study 
(Thornhill et al., 1975), using electron microscopy (EM ) as a detection 
method stated that viral particles were at highest concentrations at the onset 
of symptoms and shortly thereafter. It is well documented that EM is of much 
lower sensitivity than modern molecular methods (Hedberg and Osterhlom, 
1993; Yuen et al., 2001). As such, the presence of virus might have been 
underestimated virus presence and the extended shedding of the virus 
missed.
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1.5 EXISTING  PU BLIC  H EALTH C O N TR O LS FO R TR E A TM EN T OF  
URBAN W A S TE W A TE R
1 .5 !  EU Urban W aste  W aters  D irective (91/271/EEC )
Under the EU Urban W aste W ater Directive (91 /271/E E C ) (European 
Directive, 1991a) (amended by Commission Directive 98/15/EEC ), all 
Sewage Treatment Works (STW s) must "adhere to regulations on the 
collection of sewage, and standards for the disposal of sewage effluents”. 
The stringency of the required standards of treatment depends on the size of 
the discharge and on the type of water to which it is discharged”. For 
example, all sewage discharges serving populations over 10,000 in coastal 
areas and 2 ,000 in estuarine areas are required to receive (primary and 
secondary) biological treatment prior to discharge. Continuous discharges of 
crude effluent to the marine environment are no longer permitted under the 
directive. However, storm conditions can result in inadequately treated 
sewage entering the marine environment via combined sewage overflows 
(CSOs) (O ’Shea & Field 1992). This is due to insufficient holding tanks, low 
capacity of treatment works and high runoff rates in both the urban and rural 
catchments. it may be noted that NoV associated outbreaks of 
gastroenteritis through the consumption of contaminated shellfish are most 
frequently associated with shellfisheries polluted with crude, (rather than 
treated) effluents, and are often linked to high rainfall events (Lipp and Rose, 
1997; Kohn etal., 1995; Hailiday et al., 1991). The UW W D Directive requires 
action to be taken to limit pollution from such storm water overflows. No 
specific requirements are currently imposed, but it involves increasing the 
number of CSOs to approximately 4 ,000  over the period 2000-2005 to 
improve such unsatisfactory intermittent discharges. Comparable outbreaks 
associated with well-treated effluents have not been reported. This is 
suggestive of an attenuating effect of sewage treatment on NoV  
contamination of shellfish and is therefore worthy further direct study within 
the scope of this thesis.
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Biological treatment systems in sewage treatment works (STW s) comprise a 
system of three stages to treat the raw/crude influent received at the works 
(figure 1.5). The first stage is preliminary treatment whereby large solids are 
removed from the influent by screening. Secondly, primary treatment 
removes debris from the crude influent and separates the water and sludge 
phases by sedimentation. Secondary treatment is the final biological stage, 
whereby aerobic microbial populations catabolise organic matter within the 
effluent. The directive outlines minimum requirements for primary and 
secondary treatment in terms of reduction of potentially harmful chemical 
compounds in the effluent (organic material and suspended solids). There  
are no requirements for microbial load reduction prior to discharge in 
receiving waters. In spite of this, studies have shown that some biological 
sewage treatment methods do reduce microbial loads within effluents. A  
summary of the various methods for primary/secondary treatments and their 
corresponding microbial reduction levels follows.
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1.5.2.1 Legislative Requirements
Primary sewage treatment involves the physical separation of suspended 
solids within the influent in order to lower the 5-day biological oxygen 
demand (BO D5) and reduce the amount of suspended solids within the 
waste. The BOD5 is a measure of the amount of oxygen needed (in 
milligrams per litre) by microorganisms to oxidize the organic matter present 
in a water sample over a period of 5 days. A high BOD5 indicates the 
presence of excess amounts of organic carbon. The BOD5 of drinking water 
should be less than one. The typical BOD5 of crude domestic sewage is 200- 
600mg/L. In order to comply with directive 91/271/EEC  (European Directive, 
1991) primary treatment must reduce the BOD5 of the influent by at least 20 
% (before discharge) and the total suspended solids by at least 50 %.
1.5.2.2 Primary Treatm ent Methodologies
Primary treatment methods generally include, comminution (grinding), which 
removes both larger debris that could damage machinery, and grit from 
inorganic matter such as sand and gravel. Suspended solids (larger 
aggregations of organic material) are removed by sedimentation in settling 
tanks. Sedimentation is the final primary process, which separates the solid 
and liquid phases, preparing the liquid effluent for secondary treatment. 
Sedimentation can remove between 40 to 60 percent of the suspended solids 
and 20 to 40 percent of the BOD5 within the crude sewage.
Approximately 70%  of the solid material settles out at this stage and this solid 
phase is consequently referred to as sludge. The sludge component may be 
disposed of on agricultural land, co-disposed with domestic refuse on a 
landfill site, or incinerated, the disposal of sludge to agricultural land is 
controlled by EC directive No. 86/278 /E EC  (European Directive, 1986). The  
discharging of sludge into the marine environment is prohibited under the 
wastewater treatment directive. Directive 86/278/EEC  (European Directive,
1.5.2 P rim a ry  Sewage Treatm ent
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1986) requires that sludge must undergo biological, chemical or heat 
treatment, or long-term storage prior to disposal.
1.5.2.3 Primary treatment: virus reduction efficiency
Currently, no documented information is available regarding the reduction of 
NoVs throughout biological treatment processes. In contrast, there is a vast 
amount of data concerning faecal coliforms and to a lesser extent other 
(cultivable) enteric virus (predominantly enterovirus) reduction. The data 
available should not merely be extrapolated to account for NoVs, as NoV  
behaviour within sewage treatment may not necessarily reflect that of other 
enteric viruses. Since the 1980’s it has been documented that inactivation 
rates of viruses may not necessarily comply with those of faecal indicator 
bacteria (Vasl et al., 1981; Fattal et al., 1983). Data regarding enterovirus 
and candidate faecal indicator F+ bacteriophage removal will therefore be 
collated within this study. This will allow comparisons to be made with 
previous studies and will permit the inclusion of viability assays in parallel to 
molecular quantitation methods. Viability and molecular data will be 
analysed and any disparities can therefore be identified.
In the UK, a recent, thorough study was conducted by UKW IR (United 
Kingdom W ater Industry Research) on the "fate of enteroviruses and other 
indicator organisms across waste water processes” (Weatherly, 1998). 
Regarding the presence of enteroviruses in screened crude sewage the 
study found no correlation between titre of enterovirus in the effluent and 
population number served by the works. The median titre of enterovirus from 
the 17 STW s sampled was 11 pfu/L and no virus was detected at all in 42%  of 
the samples. The study concluded that the numbers of enterovirus removed 
during primary treatment are negligible (Weatherly, 1998). A 0.40 Log10 
enterovirus reduction was recorded in one study during primary 
sedimentation, it was also found these viruses were less easily removed than 
faecal coliforms or faecai enterococci (Aulicino et al., 1996). Studies have 
found that the efficiency of viral elimination can vary between 24 and 83%
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(Rao et al., 1981; Payment et al., 1986). A study monitoring viral pathogen 
and faecal indicator bacteria occurrence and removal for a period of 6 
months stated that although faecal indicator levels were reduced, no such 
reduction was observed in levels of enteric viruses (Payment et al., 2001). 
Overall, the available data suggests that large quantities of virus may remain 
in the effluent after primary settlement processes. Indeed, it has been 
documented that during primary processes the breakdown of solids may 
actually release some viruses into the aqueous environment (Weatherly, 
1998). This is because the enteric viruses present in crude influent may be 
tightly bound to faecal material and other solids by means of the surface 
charge of the viral particle.
1.5.3 Secondary  T reatm ent
1.5.3.1 Legislation Requirements
The urban waste-water directive defines secondary treatment as "a process 
involving biological treatment with a secondary settlement or other process, 
in which the final effluent contains no more than 150mg suspended solids per 
litre, with a BOD5 of no more than 25mg/litre” (European Directive, 1991a).
1.5.3.2 Secondary Treatm ent Methodologies
Secondary treatment is "an aerobic, biological process that metabolises and 
flocculates colloidal and dissolved organic material’ (Weatherly, 1998). The  
primary effluent is exposed, under aerobic conditions, to a heterogeneous 
flora of microorganisms. In the UK, the methods of exposure can be 
classified into three main areas: trickling/percolating filters, activated sludge 
or biological aerated filtration (BAF).
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1.5.3.2.1 Trickling/Percolating Filters
The trickling filter system is relatively simple and inexpensive aerobic process 
in which the primary effluent is distributed by a revolving sprinkler suspended 
over a bed of porous material. The effluent slowly moves through the porous 
bed and is collected at the bottom. This porous material becomes colonised 
by a heterologous microbial biofilm. As the sewage drains through the 
porous bed, the biofilm catabolises dissolved organic material in the sewage, 
reducing the BOD5. Aeration of the sewage occurs by the movement of air 
through the porous bed. The sewage may need to be re-circulated several 
times through the filter in order to reduce the BOD5 sufficiently. One  
disadvantage to this system is that an excess amount of nutrients produces 
an excessive amount of slime on the bed, which in turn reduces aeration, 
leading to the need to renew the porous bed. It is thought that temperature 
reduction in the winter months may also reduce the effectiveness of this 
method in outdoor treatment facilities. Trickling filters can reduce the BOD5 
the effluent by 70-80% .
1.5.3.2.2 Activated Sludge
Activated Sludge is a widely used aerobic method of secondary treatment. It 
permits the metabolism of organic material to stable secondary waste 
products including carbon dioxide, water, and nitrates. Post primary settling, 
the effluent is transferred to an aeration tank. A source of oxygen is added 
manually and/or the tank is mechanically stirred, providing aeration of the 
waste. A ‘floe’ of sludge particles from primary settlement is introduced to the 
tanks to support the growth of aerobic microbes. During the period in the 
aeration tank, large colonies of heterotrophic organisms proliferate. Extensive 
microbial metabolism of organic compounds in the sewage results in the 
production of new microbial biomass. Most of this biomass becomes 
associated with floes that can be removed from suspension by settling. A  
portion of the settled sewage sludge is recycled and the remainder must be 
treated (see section 1.5.2.2) by composting or anaerobic digestion. Activated
sludge can reduce the BOD5 between 60 to 85% , in combination with primary 
settling, this amount is increased to 85%  to 90% .
1.5.3.2.3 Biological aerated filtration (BAF)
Biological aerated filtration (BAF) is a more sophisticated form of activated 
sludge process that utilises a set of modular media blocks, or polystyrene 
balls that aerobic bacteria colonise. The oxygen is supplied by a linear low- 
pressure compressor via porous membranes, known as diffusers beneath the 
media bed. As with other aerobic secondary treatments, the organic load of 
the effluent is decreased by oxidation. Once this process is complete, the 
effluent undergoes secondary sedimentation to remove the microbiological 
solids (sludge) ready for recycling or disposal.
1.5.3.3 Secondary Treatment: Virus Reduction Efficiency
Once more, it must be underlined that currently no data are available 
regarding the reduction of NoV in secondary treatment processes, due to the 
lack of a quantitative assay, however; studies have been conducted 
regarding the reduction of other enteric viruses and bacteria. Various studies 
have described differences in the efficacy of the three main secondary 
treatment processes; activated sludge, trickling filter, and BAFF with regard 
to virus reduction. Overall, secondary treatments utilising activated sludge 
technology are more efficient than those employing trickling filter (Grabow, 
1968; Morris, 1984; Feacham et al., 1983). In terms of enterovirus reduction, 
activated sludge has been documented to achieve a 1-2 log-io reduction, 
whereas, trickling filter processes were found to reduce titres by less than 1 
log-m (Weatherly, 1998). Older laboratory and pilot based studies (Clarke & 
Chang, 1975; Balluz et al., 1978) have reported virus and coliphage removals 
of up to 99%  using activated sludge. It is thought that the activated sludge is 
so effective because it permits the removal of viruses that are attached to 
particulate matter in the effluent, as solids are separated at this stage (Bitton,
1980). However, a later study (Knowlton & W ard, 1987) suggested the
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presence of virucidal agents in the suspended solids of the process aid viral 
inactivation. Such agents are thought to be proteolytic microbial enzymes. 
The virucidal activity was stated to increase with increased temperature. 
Activated sludge has also been recorded to achieve higher log reduction 
values for enterovirus than BAFF treatment processes (Weatherly, 1998). 
The literature states that between sewage treatment works utilising the same  
secondary process virus removal can vary drastically, this may be due to 
differences in the way the works are run (Feacham, 1983). For example, one 
study found the percentage of enterovirus removal to vary from 59% to 95%  
(Moore et al., 1981). A recent Japanese study monitored the adhesion of 
poliovirus to activated sludge samples using a model system. More than 106 
particles adhered to one gram of wet activated sludge, and the adhered viral 
particles maintained infectivity for longer period of time and showed higher 
thermo-resistant than the free viral particles (Nakajima et al., 2003). The 
results indicate the necessity to adequately monitor treatment processes. In 
addition to intra-works differences, it has also been suggested that removal 
efficiencies of viruses may be species dependent. A laboratory based study 
found that percentage elimination of three different types of enterovirus, 
coxsackievirus A9, echovirus 12, and poliovirus type 1 was 94% , 83% , and 
85%  respectively (Berg, 1984). Such findings underline the need to obtain 
meaningful data on NoV by monitoring its survival characteristics through 
biological treatment processes.
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1.6 EU C O N TR O LS FO R  TH E D ISPO SA L OF W A S TE W A TE R  INTO  THE  
EN VIR O N M EN T
1 .6 !  Bathing W ate r D irective (76/160/EEC )
Protection of public health and coastal waters from pollutants has been 
monitored since 1976 under the Bathing W ater Directive
(B W D )(76/160/EEC ). The implementation o fth e  directive has improved the 
overall quality of bathing water (Weatherly, 1998). Bathing waters are 
'designated1 under the BW D by the number of bathers in the water at the time 
of designation. There are currently 547 designated coastal bathing waters in 
the UK. Alongside seven physico-chemical parameters, the directive states 
that designated bathing waters must comply with the following
microbiological parameters (table 1.2).
Samples of bathing water must be taken at regular intervals two weeks
before and then during the bathing season, which usually covers the period
from mid-May to end-Septem ber in England and W ales. The directive 
requires that waters be sampled for enterovirus throughout the bathing 
season if either the area has failed the bacteriological standard the previous 
year or the presence of enterovirus is suspected. In 1999, 95.6%  of the EU 
coastal waters surveyed were compliant with the mandatory standards of the 
directive. However, communication from the commission to the European 
parliament and the council with regards to developing a new bathing water 
policy (C O M /2000/860 final) acknowledged the ‘increased criticism on 
technological, scientific, and managerial grounds’, and that some parameters 
set out in the current directive are outdated and others are no longer 
relevant. The directive also did not specify analysis methods, so laboratories 
have used a variety of methods, and the results are not fully comparable.
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Microorganism
Guideline
Value
Mandatory
Value
Minimum
sampling
Frequency
Total C oliform s/100m l 500 10,000 Fortnightly
Faecal Coliforms/100ml 100 2,000 Fortnightly
Faecal streptococci/100ml 100 - *
Salmonella/1 L - 0 *
Enteroviruses PFU/10 L - 0 *
T a b le  1 .2  Quality requirements for bathing water 
(Modified from EC Directive 76/160 /E EC  (European Directive, 1976))
* Sampling to commence when an inspection shows that the organism may 
be present, or that the quality of the water has deteriorated.
- 95%  of samples taken must be compliant to the mandatory values.
- 90%  of samples must be compliant to all other values, with the exception of 
total coliforms and faecal coliforms, which may be 80%  compliant.
40
1.6.2 Shellfish H ygiene D irective (91 /492/EEC )
In addition to the bathing water directive, the Shellfish Hygiene Directive 
(European Directive, 1991b) is in place to guard the quality of shellfish 
harvesting waters by laying down guidelines for the production and placing 
on the market of live bivalve molluscs. The guidelines state that the shellfish 
should contain <230 E.coli per 100g of shellfish flesh (table 1.3). If this level 
is maintained the harvesting area is classified as ‘Category A ’ and is deemed 
suitable for sale. However if these levels are not maintained the harvesting 
area may be classified within one of 3 classes which require progressively 
higher levels of pre-treatment, and if faecal coliforms exceed >60,000 then 
the area is prohibited from harvesting.
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C ategory
Thresho ld  lim it o f faecal 
coliform s or E .co li/100g o f 
shellfish  flesh
Levels o f treatm ent 
prior to hum an  
consum ption
Class A <230 E.coli or 300 faecal 
coliforms
May go direct for human 
consumption
Class B <4,600 E.coli and 600 faecal 
coliforms (90%  compliance)
Must be depurated, 
heat-treated or relayed to 
meet class a 
requirements
Class C <60,000 faecal coliforms Relay for 2 months to 
meet class A or B 
requirements, may also 
be heat-treated
Class D >60,000 faecal coliforms Harvesting prohibited
T a b le  1 .3  Limits on faecal coliform contamination in shellfish together with 
treatment required prior to consumption (adapted from Shellfish Hygiene 
Directive 91/492 /E E C )
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The controls governing the quality of bathing and shellfish harvesting waters 
(Directive 76/160/EEC , European Directive, 1976, 91/492/EEC , European 
Directive 1991b) are currently based on levels of the bacterial indicator 
organism, E.coli. The weakness of these directives is that although the 
waters may be deemed ‘safe’ on a bacteriological level, transmission of 
enteric viral disease can and does still occur. Thus even if indicator 
organisms do correlate well with sewage pollution occurrence, they are no 
substitute for direct quantitation of the viruses that are causing a public health 
hazard, notably NoVs and HAV. More data regarding the survival 
characteristics of these viruses should be collated to ultimately enhance 
knowledge on the optimum course of sewage treatment necessary to 
decrease such viral hazards.
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1.7 SU R VIVA L C H A R A C TE R IS T IC S  OF EN TERIC  V IR U S ES  AND  
IN D IC A TO R  O R G A N IS M S  IN TH E  M AR IN E E N VIR O N M EN T
Viruses are obligate intracellular pathogens and are therefore unable to 
replicate within the marine environment. The transmission of enteric disease 
therefore depends partly on the ability of the virus to survive for sufficient 
time in the environment to infect a human host. (Ward et al., 1986). Despite 
this limitation, outbreaks of enteric viral disease (viral gastroenteritis, 
Infectious hepatitis) through the consumption of filter-feeding shellfish and to 
a lesser extent through the recreational use of waters (i.e., bathing) are 
documented.
Although strong epidemiological evidence is lacking (Sinton et al., 1999) the 
potential human health hazard presented by the presence of enteric viruses 
within the marine environment is recognised by the inclusion of enterovirus- 
level criteria in the EU Bathing W ater Directive (European Directive, 1976). 
Limited data is available on the survival characteristics of enteroviruses 
(notably poliovirus) (Dahling & Safferman, 1979; Weatherly, 1998). In 
contrast, no data is currently available for the norovirus group, the leading 
cause of viral gastroenteritis. This is almost entirely a consequence of the 
major technical difficulties of working with this group of viruses. The human 
enteroviruses are generally recognised as hardy and are known to survive in 
the marine environment for longer periods than bacterial indicators 
(Weatherly, 1998). However, it cannot be assumed that survival data will be 
the same amongst different virus groups, as different viruses may be more 
resistant to environmental degradation. Studies have indicated that viral 
indicators such as F+ bacteriophage persist in shellfish for considerably 
longer periods than bacterial indicators following depuration (Dore et al., 
2000).
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Most enteric viruses present in the environment form aggregates with solid 
particles of organic matter or other viruses (Young & Sharp, 1977). Virus- 
virus aggregations are a natural occurrence, as post-release from the host 
cell, numerous virus particles cluster to form crystalline-like structures, which 
do not break down immediately (Gantzer et al., 2002). This event can also 
be reversed, depending in particular on the pH and salinity of the 
environment. These aggregates are not only extremely rapidly formed but 
occur in very large quantities. The adsorption of viruses onto particuiate 
matter can occur quickly, poliovirus type 1 adsorbs onto clay (Na- 
montmorillonite) in less than 30 minutes. This is regardless of clay 
concentration, with the majority of virus adsorbed after only one minute 
(Gantzer et al., 2002). It has also been demonstrated that enteroviruses and 
rotaviruses present in estuarine water are adsorbed preferentially onto 
particles with a diameter of 0.3 jjm (Metcalf et al., 1984). The occurrence of 
virus-particle and virus-virus linkage is an important factor in their survival 
since it protects them from inactivating factors in the environment (notably 
UV sunlight) (Liew & Gerba, 1980). It also facilitates the treatment of sewage  
effluents. Since viruses attach to suspended solids, both are deposited in 
sediment and can be found in decanted sludge.
1.7.2 Environm ental Factors A ffecting  Enteric V irus Survival w ith in  the  
M arine Environm ent
Although, it is established that enteric viruses are partially protected from 
environmental degradation through the formation of virus-virus, and virus- 
particulate agglomerations, numerous parameters have been documented to 
affect the rate of survival of such viruses within the marine environment. 
Studies have shown that poliovirus 1 and Coxsackie virus A9 are inactivated 
faster in natural lake water than in sterilised lake water (Hermann et al., 
1974), It has been recognised that enteric viruses are exposed to biological, 
antiviral factors in sea water (Girones et al., 1989b). Principally, such
1 .7 !  En te ric  V iru s  Be ha v io u r w ith in  the Marine En v iro n m e n t
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inactivating parameters include effects from, pH, turbidity, solar radiation, 
temperature, salinity levels, natural predation from other aquatic 
microorganisms, and levels of pollution (figure 1.6). However, numerous 
studies (Berry & Noton, 1975; Evison, 1988; Gantzer et al., 1998; Girones et 
al., 1989a; Johnson et al., 1997; Bosch, 1993; Nasser & Oman, 1999; 
Burkhardt et al., 2000) conducted predominately with enteroviruses and F+ 
bacteriophage have demonstrated that individual parameters vary greatly in 
their ability to inactivate enteric viruses.
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F ig u r e  1 .6  Factors affecting the survival of viruses in the marine 
environment (Modified from Block, 1993)
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1.7.2.1 The Effect of p H
It can be assumed that changes in the pH of the aquatic environment may 
influence the survival characteristics of enteric viruses. Although enteric 
viruses in general are obliged to resist acid in order to infect in the gut, they 
are found to be inactivated within highly alkaline environments (>pH 11). In 
1978, it was suggested that ammonia inactivates enteroviruses because it 
‘raises the pH and has a direct toxic effect by fragmenting the nucleic acids’ 
(Ward, 1978). Enteric viruses are documented (Ward, 1978) to be more 
resistant to acidic conditions. Noroviruses are inactivated between pH 3 and 
pH 5, and rotaviruses at pH 3.5 (W ard, 1978).
1.7.2.2 The Effect of Salinity
The results of studies conducted on the effect of salinity on virus survival vary 
greatly. One study indicated that viral inactivation is greater within a saline 
solution than in distilled water (Salo and Oliver, 1976). However, conversely, 
another documented that salinity did not affect enteric virus inactivation 
(Babich and Stotzky, 1979). More recently, it was suggested that varying 
levels of salinity in synthetic seawater gave no significant difference in the 
resultant Tg0 values of poliovirus (time taken to inactivate 90%  of the 
microbial population), thereby they concluded that salinity had ‘no effect on 
the infective power of poliovirus’ (Gantzer et al., 1998). Salinity however 
does have a documented (Young & Sharp, 1977) effect on viral aggregation 
to particulate matter and other viruses within the marine environment, and 
consequently effects virus survival through this mechanism. Perhaps the 
discrepancies within the studies are due to variation in viral dispersion within 
the seawater sample studied, with salinity possibly having a more profound 
effect on samples with high viral agglomerations, by breaking them down and 
increasing virus exposure to inactivating agents.
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1.7.2.3 The Effect of Microbial Predation
The virucidal effect of certain types of bacteria is well documented 
(Gunderson et al., 1968; Berry & Noton, 1975; Bosch et al., 1993; Fujioka et 
al., 1980; Girones et al., 1989b). Marine bacteria such as Vibrio fischeri can 
produce biocidal compounds that can aid in the activation of enteric viruses 
(Bosch et al., 1993).
1.7.2.4 The Effect of Temperature
Temperature is considered one of the most significant factors affecting virus 
survival/inactivation in an aquatic environment ranking alongside solar 
radiation (section 1.7.2.4) (Atkin et al., 1971; Raphael et al., 1985; Nasser & 
Oman, 1999). However, some researchers stated that temperature changes 
are insignificant in coastal areas, where most of the wastewater from land is 
discharged (Yang et al., 1999). By contrast, in a more recent study, (Gantzer 
et al., 2002) stated that a 1-log inactivation of poliovirus in sterile seawater 
was twenty times faster at 25°C  than at 4°C . In agreement to these findings, 
a study stated that in sterile, water (pH7), poliovirus type 1 survived for 296  
days at a temperature of between 18°C and 23°C , whereas at 4°C  the 
inactivation process was considerably slower (Schwartzbrod et al., 1975). A 
comparison of the survival times of poliovirus type 1 and hepatitis A virus in 
mineral water, found that both viruses were highly stable at 4°C, and their 
concentration had dropped by only 1.16 and 0.68 log respectively after a year 
(Biziagos et al., 1988). The study also detailed the ability of the 
enteroviruses coxsackieviruses and echoviruses to keep their infecting ability 
for 2-6 months at low temperatures between 4 -10°C. It has also been 
documented that in frozen waters, (i.e., ice, snow) enteroviruses can survive 
for as long as 4-6 months. In marine waters, poliovirus, coxsackieviruses, 
echoviruses and hepatitis A virus have been shown to survive for several 
months (Yates et al., 1985).
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In a comprehensive review of viral inactivation in seawater, it was concluded 
that the level of soiar radiation penetrating surface waters was not important 
in the degradation of enteric viruses discharged into natural waters 
(Kapuscinski and Mitchell, 1977). However, numerous more recent studies 
on the survival of faecal coliforms (Solic & Krstulovic, 1992; Fujioka et al.,
1981) poliovirus and bacteriophages (Evison, 1988) and a comprehensive 
study conducted by UKW IR group on water virology (Weatherly, 1998) have 
indicated that solar radiation is an important parameter in the inactivation of 
microorganisms. Sunlight is thought to affect the survival of viruses by acting 
directly on the viral particle, and it has an indirect effect by stimulating the 
development of microfauna.
The effect of solar radiation has been weil demonstrated. It has been 
reported that when no sunlight is present the level of virus inactivation varies 
by between 0.71 and 0.80 log per day. However, in sunlight the level varies 
between 1.33 log in very turbid water and 2.38 log in water that is only 
slightly turbid (Hurst, 1988). These findings indicate that sunlight has an 
inactivating effect on viruses, but that the inactivation is less efficient when 
the water contains suspended solids i.e., is more turbid, since increased 
turbidity both protects the adsorbed viral particles and hinders the diffusion of 
ultra-violet rays (La Belle & Gerba, 1980).
Solar radiation has been stated to be ‘the most important factor affecting 
bacterial decay rates in water, and that coliform mortality proceeds 
approximately 100 times faster in the light than in the dark (Gameson and 
Saxon, 1967). In fact, the germicidal action of sunlight has long been 
recognised (Downes & Blunt, 1877). The solar wavelengths have been 
categorised into the lethal effect they had on bacterial survival; wavelengths 
below 370nm had half the lethal effect, between 370 and 500nm had quarter 
the effect, and above 500nm, no negligible lethal effect was detected 
(Gameson and Saxon, 1967). These figures correlate with the emission
1.7.2.5 Th e  Effect of So la r Radiation (Turbidity/Pollution Levels)
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spectra of both low pressure (LP) lamps (85%  emission at 253.7 nm) and 
medium pressure (M P), high intensity lamps both of which are used in the 
disinfection of wastewaters. MP lamps have emissions at all wavelengths 
(but concentrated in select peaks) throughout the germicidal wavelength 
region. Two of the strongest germicidal emissions from MP lamps occur near 
the peak of the germicidal wavelength region: the strongest of the two 
occurring around 265nm , and the second strongest around 254nm  
(http://www.trojanuv.com/papers/comp_mono_hi.htm).
Rapid inactivation of enteroviruses by light has been demonstrated, 80%  of 
poliovirus type 1 exposed to solar radiation was inactivated within 3 hours 
whilst a negligible decrease was observed in dark controls (Bitton et al. 
1979). Additionally, Kapuscinski and Mitchell used filters to block specific 
wavelengths of solar radiation and demonstrated that radiation at 
wavelengths above 370nm  is able to inactivate bacteriophages suspended in 
seawater. Again, indicating that photo-oxidative damage to viruses may be a 
possible mechanism of virus inactivation in seawater (Kapuscinski and 
Mitchell, 1983).
1.7.2.5.1 Solar radiation: The Spectral Wavelengths of Light
Ultraviolet (UV) light is contained in the range of the electromagnetic 
spectrum of light wavelengths produced by the sun. UV light is located 
beyond visible light and before x-rays (400-190nm). Most UV light is 
absorbed by the ozone layer or reflected back into space so only a small 
amount reaches the surface of the earth (figure 1.7). UV radiation is 
subdivided into three wavelength bands, UVA (315-400nm ), UVB (290- 
SI 5nm) and UVC (220-290nm ). UVC has a peak response at 253 .7nm. It is 
the main germicidal wavelength as it is strongly absorbed by genetic material 
and is highly destructive to biological matter. As such, these wavelengths 
are used in the disinfection of wastewater during tertiary sewage treatment 
processes.
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The germicidal properties of ultraviolet irradiation are due to the DNA  
absorption of the UV light, causing cross-linking between neighbouring 
pyrimidine nucleoside bases (thymine and cytosine) in the same DNA strand 
(Miller et al., 1999). Due to the mutated base, formation of the hydrogen 
bonds to the purine bases on the opposite strand is impaired. DNA  
transcription and replication is thereby blocked, compromising cellular 
functions and eventually leading to cell death. The amount of cross-linking is 
proportional to the amount of UV exposure. The absorption characteristics of 
RNA resemble those of DNA. RNA contains uracil instead of thymine. Uracil 
is a pyrimidine that absorbs UV radiation in a similar manner to thymine 
(Harm, 1980).
Relatively few studies have investigated the inactivation of enteric viruses by 
UV light (Chang et al., 1985; Arnold & Rainbow, 1996; Meng & Gerba, 1996, 
US EPA 2000; Cotton et al., 2001). It appears that double-stranded DNA  
viruses, such as adenoviruses, are more resistant to UV radiation than 
single-stranded RNA viruses (e.g., NoVs, and enteroviruses) (Meng & Gerba, 
1996). A study (Cotton et al., 2001) describing the UV inactivation kinetics of 
adenovirus and rotavirus found that a UV dose of 216 mJ/cm2 was required 
for a 4-log inactivation of adenovirus. In contrast, a 4-log inactivation of 
rotavirus was achieved using a dose of 56 mJ/cm2. Similarly, a 4-log 
inactivation of hepatitis A virus was achieved using a dose of 16 to 39 mJ/ 
cm2. Another study conducted compared the relative resistance of Feline 
Calicivirus (FC V) (closely related genomically to human Caliciviruses), 
adenovirus type 40, and coliphage MS2 to UV radiation. The study also 
found that adenovirus type 40 was most resistant, with FCV displaying the 
least resistance. These findings reinforce the observation that dsDNA is 
more resistant to UV than ssRNA, as if resistance was purely based on 
genome size, (i.e., larger genome, larger target or UV dam age) adenovirus 
might be expected to be most sensitive, having a much larger genome than 
for example FCV, thereby having a larger target. (Thurston-Enriquez et al., 
2003).
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F ig u r e  1 .7  Solar Electromagnetic Spectrum; indicating the germicidal 
range of UV light, (adapted from airlifeone.com)
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1.7.3 Experim ental M ethodologies to M onito r the Survival
C haracteristics  o f E nteric  V iruses in the M arine E nvironm ent
A review of the relevant literature fields has shown that the most common 
method used to investigate the survival of enteric viruses in water has been 
to seed a known dose of a single virus type which has been cultured in the 
laboratory, into a sample of water. The seeded water is then held in an 
enclosed system e.g. polypropylene or glass tubes or flasks for the duration 
o fth e  experiment (Enriquez et al., 1995; Nasser and Oman, 1999; Raphael 
et al., 1985).
In a number of investigations there was an assumption that temperature was 
the major factor affecting virus survival, consequently, the work was directed 
at holding the virus suspensions in water baths or incubators at set 
temperatures, in the dark (Enriquez et al., 1995; Raphael et al., 1985).
More recent studies (Anon, 2002; Johnson et al., 1997) have indicated that 
solar radiation is an important parameter in the inactivation of these 
organisms, in the past, the profound effect of solar radiation on virus survival 
may have been overlooked due to the difficulties in reproducing natural 
sunlight conditions in a laboratory set up.
To overcome these difficulties many researchers opted for conducting the 
experiment ‘semi’ in situ (rather than recreating natural daylight in vitro). This 
was achieved by exposing the inoculated water, held in an open container; to 
natural sunlight with temperature control effected through either immersion in 
a water bath or insulated boxes filled with ice (Cubbage et al., 1979; Johnson 
et al., 1997; Kapuscinski et al., 1983). However, few studies measured the 
extent of irradiation achieved over the course of the study and instead opted 
to detail the number of days the viruses were exposed to the sunlight. It is 
impossible to conduct survival experiments fully in situ, as levels of enteric 
viruses discharged within effluents are assumed to be low, so detection 
systems would not be sensitive enough to quantitate the viruses. A number
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of indirect in situ studies have been documented. Methods described include 
the immersion of dialysis bags or membrane dialysis chambers, filled with 
virus-seeded water in the marine environment, (Johnson et al., 1997; Lo et 
al., 1976; O ’Brien and Newman, 1977). It was assumed that the semi 
permeable membrane of these bags would allow influx of fresh water without 
the loss of virus, thereby avoiding problems associated with stagnation of 
water. Such systems present a number of potential difficulties. For example, 
the walls of dialysis bags may support the growth of microorganisms 
(Gameson & Saxon, 1967) and may also block some wavelengths of solar 
radiation (Johnson et al., 1997). In situ experiments are thus difficult because 
of the problems with finding environmental samples containing sufficient virus 
to carry out meaningful studies and the difficulty of getting reliable and 
repeatable solar irradiation levels. In this study, therefore the decision has 
been taken to conduct experiments in the laboratory but under conditions 
which best represent those likely to found in the field. These conditions were 
determined with reference to a study conducted to monitor the change in light 
intensity in different depths of clear ocean water. It was found that at shallow 
depths of less than 2 meters there was negligible variance in light intensity at 
300nm. The intensity was also measured with waters containing a higher 
dissolved organic material content (i.e., sewage effluent) and it was found 
that the light intensity remained fairly constant, being reduced by only 0.1%  
after a depth of 7.3 meters (Baker & Smith, 1982). Thus, it may be assumed 
that in-vitro seawater survival experiments might provide meaningful 
biological data, as shallow depths of less than 1 meter will be used. It is also 
worthy of note that shellfish beds in harvesting areas are also maintained at 
shallow depths of less than 10 meters, and it could be assumed that the 
presence of higher levels of effluent in the water would not effect the intensity 
of sunlight reaching the enteric viruses in the marine environment.
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1.8 M ETH O D O LO G IES  FO R  V IR U S  C O N C EN TR A TIO N  AND  
EXTR A C TIO N  OF V IR A L  N U C LEIC  ACID FROM SEW A G E EFFLU EN T  
A N D  W A S TE W A TE R  SA M PLES
Methods or the detection of enteric viruses from sewage effluent and 
wastewater samples were first documented more than half a century ago 
(Metcalf e ta /., 1995). These methods have developed and evolved overtim e  
reflecting the improvement in water virology techniques. Initially, isolation of 
viruses involved the in vivo inoculation of laboratory animals and the 
subsequent development of disease symptoms. After the discovery of cell 
lines that supported the growth of enteric viruses such as the BGM cell line 
for poliovirus (Barron et al., 1970) viruses could be isolated through the 
observation of cytopathic effect in vitro (Payment & Trudel, 1987). 
Immunological methods such as radioimmunoassay (RIA), and enzyme 
linked immunosorbent assay (ELISA) were also developed but lacked 
sensitivity, however in 1982 the presence of HAV antigen was detected in 
contaminated drinking water in Texas, USA using RiA (Hejkal et al., 1982). 
The advent of molecular technology in particular the polymerase chain 
reaction (PC R ) revolutionised the detection of enteric viruses from 
environment samples. Viruses, which previously were impossible or difficult 
to culture (such as NoVs) and problematic to detect using low sensitivity 
assays, could now be characterised through the amplification of their viral 
genome.
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The polymerase chain reaction (PCR) was first described in 1985 (Saiki et 
al., 1985; Mullis et al., 1986). The assay incorporates the in vitro 
amplification of specific regions of double stranded DNA (ds-DNA) by the 
simultaneous primer extension of complementary strands of ds DNA. Primer 
extension is catalysed through the exploitation o fthe  5 ’-3 ’ polymerase activity 
of the DNA polymerase enzyme extracted from the thermophilic bacterium 
Thermus aquaticus (Taq) (figure 1.8). The PCR reaction is capable of 
amplifying extremely low quantities of nucleic acid (which theoretically may 
be as low as a single copy of viral genome). PCR therefore increases 
sensitivity whilst maintaining specificity to a particular viral target.
PCR requires DNA as a template, therefore as NoVs possess a Ss-RNA  
genome (section 1 .3 .2 !  .3), complementary DNA (cDNA) must be 
synthesised by the additional step of reverse transcription (RT) of the 
template RNA (figure 1.9). The R T-PC R  is a rapid and highly sensitive 
method that has been extensively developed in-house for the qualitative' 
detection of NoV and other enteric viruses.
1 .8 !  Po lym erase  Chain Reaction (PC R)
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F ig u r e  1 .8  The Polymerase Chain reaction (PCR) indicating the 
exponential nature of the reaction.
58
- A - U - G - C - A - A - U - G - C - A - U -
RN A  template
Random primers
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Reverse transcriptase 
and dNTPs
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Reverse transcriptase extends cDNA 
using dNTPs, starting from primer
F ig u r e  1 .9  Schematic representation of reverse transcription of RNA to 
complementary DNA (cDNA)
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1.8.2 A pproaches to V irus C oncentration  and V ira l N ucleic Acid  
Extraction fo r use in M olecu lar Assays
The novel technology of PCR prompted the further development and 
modification of established extraction methodologies due to certain demands 
imposed by the PCR assay. Traditionally environmental samples (in 
particular water) are collected in high volumes to increase the likelihood of 
detecting enteric viruses (Sheih et al., 1995). Consequently, methods had to 
include one, or a number of steps to concentrate the viruses. However, 
various dissolved and suspended organic and inorganic compounds present 
in wastewater, such as humic acids and multivalent ions (e.g., iron and 
aluminium) may be co-concentrated alongside the viruses (Green & Lewis,
1995) and such materials are inhibitors of the PCR. Methods were initially 
developed to ‘de-toxify’ environmental samples prior to application to cell 
lines etc (Payment & Trudel, 1987). The water samples were pre-treated by 
the addition of MgCI2 to a concentration of 0.05M  and pH adjusted to 3.5  
followed by filtration through 0.45j.im filters. Such pre-treatment permitted 
the enumeration enteroviruses from wastewaters. In addition to pre­
treatment, viral concentration might also be required to allow enumeration of 
low virus titres. However, such purification procedures are not adequate for 
subsequent molecular analysis, as many of the compounds used to purify 
and concentrate the viruses are retained in the final concentrate and can 
interfere with the PCR reaction by inhibiting the enzymes which catalyse the 
amplification reactions (reverse transcription and PCR). An additional hurdle 
when extracting viral nucleic acid for subsequent PCR analysis is the 
abundance of naturally occurring ribonucleases (RNases) present in 
environmental samples. In the past workers (Schwab et al., 1993; Straub et 
al., 1994) attempted to purify intact virions to improve PCR detectability and 
to avoid the exposure of naked RNA to RNase degradation until an adequate  
degree of processing had been achieved. However, the latter group found 
that these methods, which used beef extract or polyethylene glycol (PEG ) 
lacked sensitivity due to the retention of these materials in the final 
concentrate, again inhibiting the PCR reaction (Sheih et al., 1995). it is
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therefore necessary to develop procedures that not only concentrate and 
purify viruses, but also remove potential inhibitors present within the 
environmental sample.
1.8.2.1 Virus Concentration/Extraction
The main parameters to consider when developing an extraction/ 
concentration methodology are the efficiency of viral recovery, elimination or 
inactivation of inhibitory substances and avoidance of RNases. There is no 
single standardised protocol and an array of methods have been described 
that vary in complexity. However, it can be seen that the methods for 
molecular detection of enteric viruses broadly fall into the following three 
categories:
1. Protocols that specifically isolate virus, using antigenic beads and the 
hybridisation of a specific cDNA, or ssRNA probe for the viral genome 
(Jaykus et al., 1996; Dubron et al., 1991). However, these methods 
lacked sensitivity.
2. Procedures that primarily concentrate and purify viral particles, 
followed by extraction and purification of the viral genome are more 
commonplace. Typically, viruses are concentrated from water by 
physico-chemical methods, such as for example polyethylene glycol 
(PEG ) (Arnal et al., 1998; Lodder et al., 1999; Pallin et al., 1997) or 
absorbed onto a micro-porous filter and eluted at high pH (Wyn-Jones 
et al., 2000; Ijzerman et al., 1997; Ma et al., 1995). The particles are 
then frequently purified by gel-filtration techniques such as Sephadex  
or Chelex resin (Green & Lewis, 1999; Lodder et al., 1999; Sheih et 
al., 1995).
3. Ultracentrifugation is also documented to concentrate viruses from 
sewage effluent samples (Girones et al., 1993; Mehnert et al., 1997; 
Pina et al., 1998). However, although an effective method, not all 
laboratories have access to this expensive laboratory instrument.
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Following isolation of the viral particles the viral nucleic acid must be 
extracted and conventional methods include various steps involving 
detergent-mediated lysis, proteinase treatment, organic solvents, and ethanol 
precipitation. It is documented that a large number of steps increases the 
risk of cross-contamination of nucleic acid from sample to sample (Boom et 
al., 1990). At the end of the 1980’s, a new method was described that 
applied the previously described process (Norval & Bingham, 1987; Tenover, 
1988) of binding DNA molecules to silica or glass particles in the presence of 
chaotropic agents to the purification of nucleic acid from clinical specimens. 
(Boom et al., 1990). A chaotropic agent is one that can disrupt the structure 
of a macromoiecule to promote activities that would have been inhibited by 
the molecule itself.
Boom and co-workers developed a simple, rapid, sensitive and reproducible 
nucleic acid extraction protocol using the chaotropic agent guanidinium 
thiocyanate (G uSCN) and a silica-particle matrix. It was observed that 
G uSCN has the potential to simultaneously lyse cells and inactivate 
nucleases, and that in high concentrations will promote the binding of nucleic 
acid to silica or glass particles which acts as a carrier. The procedure 
permitted the routine extraction of nucleic acids in laboratories lacking 
specialised equipment and highly trained personnel. It also (in comparison to 
previous methods) decreased the risk of potentially hazardous contact of 
personnel and pathogenic organisms.
Researchers at CEFAS, Weymouth developed a method for viral RNA  
extraction from environmental bi-valve shellfish samples (Lees et al., 1994) 
using a modified version of that described by Boom (Figure 1.10). This 
method may be suitable for application with wastewater samples. Essentially 
viral particles are lysed by the presence of GuSCN, which, releases and 
protects nucleic acids that then bind to a silica-matrix and are washed and 
eluted following ethanol purification. The nucleic acid is finally concentrated 
through ethanol precipitation.
1.8.2.2 Nucleic Acid Extraction
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Shellfish material 
containing virus
Pure 
nucleic acid
Sample and Lysis buffer: Release of nucleic acid
a
' Q  
o
Glassmilk (silica matrix): binding of 
nucleic acid
Wash: Purification of nucleic acids, 
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from silica in a small volume
F ig u r e  1 .1 0  A nucleic acid extraction methodology utilising a silica matrix 
to bind the released viral nucleic acid (Boom et al., 1990).
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1.9 Q U A N TITA TIO N  OF V IR U S
Although the literature is rich in methods to detect and characterise enteric 
viruses from the environment, there are few methods documenting the 
quantitation of such viruses. Quantitative methodology can be classified into 
two main approaches, traditional and molecular, each approach having both 
positive and negative aspects.
1.9.1 Trad itional M ethods
Before the advancement of molecular methods, (for the detection and 
quantitation of viruses within environmental samples) the principal method of 
quantitation was cultivation of virus within an established cell line. The  
specific cell line for enterovirus for example is derived from African green 
monkey kidney cells. The cells were cloned and designated BGM (Buffalo 
Green Monkey) in 1962 by Almen L. Barron (Barron et al., 1970). Other 
enteric viruses can be cultivated in vitro for example a variety of cell lines 
including BGM cells can support the growth of simian rotavirus (SA11), but 
other strains of rotavirus can be highly fastidious in nature. However, as 
previously stated not ail of the enteric viruses present in the environment are 
as easily (if at all) cultivated in tissue culture (i.e., NoVs) (Dahling, 1991). 
Hepatitis A virus (HAV) replication has previously been reported to be ‘non- 
lytic and slow’, ln 1987, a plaque assay utilising the FRhK-4 cell line was 
found to produce a visible cytopathic effect with HAV strain pHM -175  
(Cromeans et al., 1987). The quantitative ‘plaque assay’ estimates viral titre 
through the observation of viral cytopathic effect (C PE) within a cell 
monolayer. The spread of infection is inhibited by the presence of a purified 
semi-solid overlay. After a period of time (approximately 2-7 days depending 
on virus type), visible plaques can be observed within the monolayer. 
Plaques are expressed as plaque-forming units (PFUs). Plaque assay 
methodology is applicable to the quantitation of cultivable enteric viruses 
within environmental samples (Dahling and Wright, 1986). A method was 
described in 1974 detailing the recovery and quantitation of enteric viruses 
from a water matrix (Dahling et al., 1974).
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Researchers have reported the amalgamation of both immunological and 
infectivity based techniques by using various types of immunoperoxidase 
enzyme for the detection of viral antigens on a fixed infected cell monolayer 
on microtitre plates. Such enzymatic methods were described in the 
quantitation of enteric viruses within wastewaters (Paym ent and Trudel,
1987) and where reported to be up to 50 times more sensitive than 
conventional observation of cytopathic effect in BGM cells (plaque assay). 
Enteric viruses were also detected by viral antigen synthesis in infected cells 
by such methodologies (Amitina et a i, 1988). However, these methods 
would be not be applicable to non-cultivable viruses such as the NoVs.
1.9.2 M olecu lar M ethods
Numerous methods have been described for the quantitation of nucleic acids, 
including agarose gel electrophoresis/southern blotting, blot hybridisation 
(Southern, 1975; Thomas, 1980). However, the application of these assays 
without amplification of the nucleic acid greatly decreases sensitivity. Low 
levels of sensitivity can severely hamper detection (and subsequent 
quantitation) of low litres of virus in environmental samples.
Standard amplification of nucleic acid using conventional PCR (section 1.8.1) 
is a purely qualitative methodology, as such several approaches have been 
proposed for molecular quantitative analysis of the amplification reaction. 
(Ichikawa et al., 1996; DeM ay etal., 1996; Haff, 1994).
There are numerous difficulties in developing quantitative-PCR in particular 
the ‘quality’ of the extracted nucleic acid can cause high variability in the 
reaction efficiency. This is evident when extracting nucleic acid from 
environmental samples (e.g., sewage effluents, and seawater), which can be 
high in the inhibitory substances notably humic acids. As previously stated 
these compounds often accumulate during sample processing and may be 
potentially inhibitory to the PCR reaction.
65
RNA viruses (i.e., NoVs) require the additional process of reverse 
transcription (RT) to transcribe the viral m RNA to cDNA as the PCR can only 
amplify DNA (figure 1.9). Thus, it is important to minimise variation in 
reaction efficiencies. It has been noted (Kochanowski & Reischl, 1999) that 
even minute variation in well-to-well temperature can effect the accumulation 
of amplified product of otherwise identical samples.
In addition, the RT enzyme (reverse transcriptase) can be sensitive to 
reagents not fully removed by the extraction procedure such as salts and 
alcohols. A bi-phasic relationship between leftover salt and the RT-PCR  
amplification has been observed (Freeman et al., 1999). Under some 
conditions low concentrations of added salt (<10 mM) enhanced 
amplification, and conversely, high levels of salt (>50m M ) decreased 
amplification.
1.10 Q U A N TITA TIVE  PCR
Quantitative PCR can be defined as the reliable measurement of the 
abundance of a specific nucleic acid target in a biological sample (Orlando et 
al., 1998). The techniques used can be broadly categorised into two main 
groups, semi-quantitative (section 1 .1 0 ! )  and quantitative methods, 
including competitive-PCR (section 1.10.2), and most recently real-time 
quantitative PCR (section 1.11)
1 .1 0 !  S em i-Q uantitative  PCR
Methods for the detection and simultaneous measurement of final products of 
PCR amplification should not be classified as quantitative PCR as by design 
they only ‘semi-quantitate’ the amount of final product, not estimate initial 
starting template amounts. These methods include: Southern/Northern 
blotting, dot blot hybridisation (Kogawa et al., 1996 -Human Calicivirus 
detection in shellfish, Wilcocks et al., 1991- Detection of astrovirus in stool
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samples, Zhou et al., 1991- HAV and rotavirus detection in shellfish), a 
coupled PCR-ligase chain reaction assay, kinetic detection with intercalating 
dyes, the use of labelled primers, in 1990, a novel hybridisation procedure 
termed Branched chain DNA assay (bDNA) was first reported (Urdea et al, 
1990). bDNA is a ‘sandwich’ nucleic acid hybridisation assay, based on 
hybridisation of specific enzyme-modified alkaline phosphatase-labeled 
oligonucleotide probes to the negative-sense strand of the target viral cDNA/ 
DNA. Hybridisation mediates signal amplification, which is detected post 
incubation with a chemiiuminescent substrate (e.g., dioxetane), and the light 
emission measured by a luminometer. bDNA differs from other molecular 
quantitation techniques as it measures signal amplification rather than target 
sequence amplification. Urdea and co-workers demonstrated a limit of 
detection of 2 x 104 HIV-1 m RNA molecules/ml plasma by capturing an HIV-1 
RNA-probe complex onto a microtitre well surface followed by hybridisation 
of bDNA molecules. A  review of bDNA technology concluded that the assay 
demonstrated better tolerance of target sequence variability, more direct 
measurement of target, simpler sample preparation, and less sample-sample 
variation than quantitative target amplification procedures, such as PCR  
(Nolte, 1998). It has been found that by increasing the signal to noise ratio 
and sample volume the sensitivity of the assay can be increased (Nolte,
1998). Nolte further suggested decreasing non-specific hybridisation by 
using more effective blocker' for the solid phase. A review of more recent 
reports detailing bDNA methodology has demonstrated higher assay 
detection limits. In fact, an upper limit of detection of 7 x 105 HBV genome 
copies/ml human serum has been demonstrated (Chen et al., 1995). The 
assay increased sensitivity levels and provided good signal amplification. 
The sensitivity of bDNA has been compared to a novel real-time PCR assay 
(section 1.10.1) for the quantitative analysis of simian immunodeficiency virus 
(S IV) RNA in plasma samples. The real-time PCR assay was capable of 
detecting as few as 50 copies of RNA/ml, whereas the bDNA was only 
sensitive to 1,500 copies RNA/ml (Leutenegger et al., 2001).
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The application of competitive R T-PC R  can achieve absolute quantitation by 
the enumeration of the initial starting concentration of viral RNA template. To  
reduce variability in the reaction a ‘standard’ known quantity of nucleic acid is 
amplified simultaneously to the unknown sample of interest. For quantitative 
RT-PCR, the standard should be composed of RNA, as DNA molecules will 
not reflect any inherent inefficiency within the RT step. The standard can be 
amplified either in the same tube as the unknown (internal) or within a 
separate tube (external). Internal amplification is defined as competitive- 
PCR (C -PC R ) and external as non competitive-PCR. The competitive 
standard should be almost homologous to that of the viral target sequence 
(i.e., share primer binding sites etc.). However, to distinguish the different 
amplification products (i.e., standard and unknown) the standard sequence 
must deviate slightly to the viral amplicon sequence. This is can achieved by 
cloning the viral region of interest into a plasmid vector, and deleting a small 
region (approximately 10bp) of the sequence by restriction endonuclease 
digestion. This modified region is termed the competitor-standard. Within a 
competitive-PCR reaction, the competitor standard must ‘compete’ with the 
target sequence for reagents (i.e., primers, enzyme, dNTPs etc.).
The standard can also be derived from ‘outside’ of the sample matrix this is 
termed exogenous standard (e.g., homologous synthetic RNA). Alternatively 
the standard can be present within the sample matrix termed endogenous 
standard, this can be a ‘reference gene’ for example (3-actin or 18S ribosomal 
RNA (Park & Mayo, 1991; De Kant et al., 1994). The disadvantages of 
endogenous standards are three-fold. Firstly, their concentration may 
potentially vary from sample to sample; secondly, their level of expression 
may be significantly higher than that of the viral m RNA of interest. Finally, 
the standard would require an alternative primer site other than the target 
viral RNA. Thus, overall reaction efficiency may vary. The available 
literature describes common usage of exogenous standards. A known 
quantity of standard can be amplified against an unknown sample. The
1.10.2 Com petitive R T -P C R
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‘standard’ amplification created a standard/calibration curve by which relative 
quantitation of the unknown sample can be compared. This is termed 
relative quantitative-PCR.
The application of competitive-PCR has been described for the quantitation 
of enteroviruses within sewage and seawater samples (Tsai & Parker 1998), 
HAV has been quantified within shellfish using this method (Arnal et at.,
1999), and previous studies at CEFAS enumerated enterovirus within 
shellfish (MAFF, 1998). In 1997, an evaluation of viral removal by various 
wastewater disinfectants was demonstrated using competitive-PCR with an 
internal standard (Le Guyader et al., 1997).
The competitive-RT-PCR assay for the human enteroviruses developed in- 
house at CEFAS, Weymouth utilised a competitor RNA standard expressed 
in a baculovirus vector, which was co-amplified with the normal virus target 
sequence within the sam e tube. The RNA competitor incorporated a 20bp 
deletion situated internally to the PCR primer region. Initial trials used a 
single round PCR, however to improve sensitivity the method was further 
developed into a nested R T-PC R  format. PCR product production was 
quantified using fluorescently labelled primers and an automated sequencer. 
Peak areas of both competitor and target RNA were measured and 
compared against viral standard curves to establish quantitation. This novel 
approach proved reliable and linear within a 2-log range of competitor to 
target RNA concentration. The method was used to demonstrate enterovirus 
concentrations in both seeded samples and naturally contaminated shellfish.
However, the development of a competitive-PCR assay for quantitative 
analysis of NoVs in shellfish is highly problematical. This is due to the high 
sequence diversity of viruses within this group. As such, it is almost 
impossible to design and construct a pan-specific competitor-template for 
both NoV genogroups. Hence, the application of competitive-PCR was not 
utilised for quantitative analysis of viral titre within the scope of this project.
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1.11.1 The F luorogenic 5 ’ N uclease A ssay (TaqM an)
The paradigm of real-time quantitative PCR is the Fluorogenic 5 ’ Nuclease 
Assay (TaqM an) which can detect and quantitate accumulation of PCR  
product amplification in ‘real-time’. The assay works without the requirement 
to rely on end-point measurements or to handle/process the product post the 
PCR reaction. Less manipulation of PCR product decreases the likelihood of 
cross-contamination.
The development of the TaqM an assay was first described in 1991 (Holland 
et al., 1991). These workers described the use of the 5 ’-3 ’ exonuclease 
activity of Taq DNA polymerase (The enzyme used to catalyse primer 
extension in PCR reactions) to cleave a non-extendable target specific 
oligonucleotide probe (figure 1.11). The 3 ’ end of the probe is 
phosphorylated to prevent extension. It was envisaged that prior to the 
commencement of the amplification reaction the probe would hybridise to the 
complimentary target sequence. This sequence would be situated internally 
between the upstream and downstream primer regions. It was stated in 1991 
that the technique would pave the way for ‘development of an assay to allow 
detection and amplification in a one-tube assay (Holland et al., 1991).
Other workers in the field (Heid et al., 1996) reported the adaptation of this 
technique by dual-labelling the probe with two fluorescent dyes. The 5 ’ end 
of the probe covalently harbours a reporter dye, FAM (6-carboxy-fluorescein). 
The emission of fluorescence from this dye is quenched at the start of the 
reaction by close proximity of a second ‘quencher’ dye, TAM RA (6-carboxy 
tetramethyl-rhodamine) at the 3 ’ end of the hybridised probe. As the 5 ’-3 ’ 
polymerase activity of the Taq enzyme extends the primer regions during the 
exponential stage of the reaction the same enzym e’s 5 ’-3 ’ exonuclease 
cleaves the labelled probe. This degradation releases the reporter dye from 
the quencher dye and thus permits the emission of fluorescence, which
1.11 Re a l-T im e  Quantitative P C R
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peaks at 518nm (Heid et al., 1996). The emission of fluorescence will 
therefore accumulate throughout every PCR cycle and is directly proportional 
to the final amount of specific PCR product, moreover being inversely 
proportional to the initial concentration of target template.
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3 ’
5 ’
5 ’
Z k
5 ’
3 ’
3 ’
5 ’
R  =  5' Reporter dye 
Q  =  31 Quencher dye
Reverse primer 5 ’
5 ’
3 ’
5 ’
F ig u r e  1 .1 1  Schematic representation of TaqMan reaction chemistry. The  
5 ’-3 ’ exonuclease activity of Taq DNA polymerase cleaves the annealed 
dual-labelled fluorescent oligonucleotide probe resulting in the emission of 
fluorescent wavelengths of light.
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Originally, researchers described methods to detect (and subsequently) 
quantitate the PCR product utilising end-point measurements, and minimal 
post-PCR manipulation (Witham et al., 1996; Bassler et al., 1995; Gerad et 
al., 1996; and Lee etal., 1993).
The first description of a quantitative end-point measurement of c-erb B2 
oncogene amplification in human tumours was in 1997 (Gelmini et al., 1997). 
The emission of fluorescence was measured by a ‘plate-reader fluorescence 
spectrometer. The following year applied the same methodology was applied 
to the detection of E.coli 0157:H 7 from both pure cultures and spiked ground 
beef samples (Obserst et al., 1998). The results from this technique were 
stated to be comparable with that of com petitive-PCR (Sestini et al., 1994). 
For the application of competitive-PCR consideration should be given when 
choosing the number of DNA molecules that should be used as template, 
and the range of PCR cycles in which the exponential phase is maintained. 
Such complexities thereby render the technique cumbersome for routine use.
The first real-time measurement of fluorescence signal was described by 
Higuchi et al., (1993). The accumulation of amplified product was detected 
throughout every cycle of the reaction. Product was detected through the 
addition of ethidium bromide (EtBr), which has the ability to intercalate into 
the stacked bases of DNA duplexes. The increase of the dye intensity was 
measured in real-time with a charged-coupled device (CCD) camera. 
However, the binding of EtBr is not solely specific to the amplicon. 
Therefore, signal from non-specific amplification products (i.e., primer- 
dimers) may also be detected and consequently generate spurious data. 
There is a requirement therefore for quantitation results to be normalised 
after every assay run. Other intercalator molecules have also been reported 
including YO-PRO-1 for the detection of hepatitis C virus RNA using a High 
Performance Liquid Chromatography (HPLC) detector as a ‘PCR monitor’ 
(Ishiguro et al., 1998), and SYBR green (Becker et al., 1996). A comparison 
was made between the ABI 7700 system and Competitive-PCR for the 
quantitation of the insertion element /S61100 DNA in human sputum for the
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monitoring of Tuberculosis treatment, it was concluded that the 7700 system  
was far less labour intensive and cumbersome than Competitive-PCR  
(Desjardin etal., 1998).
The introduction of the ABI 7700 sequence detection system (SDS) 
(TaqMan™ ), and subsequently the 5700 SDS instrument by Applied 
Biosystems prompted pioneering papers on the application of directly 
measuring the linear exponential amplification stage of a PCR reaction.
Additionally, progressively more researchers are describing various 
applications of the TaqM an™  technology, including the quantitation of 
enterovirus RNA in sludge samples was reported using TaqM an™  single­
tube real-time PCR (Monpecho et a/., 2000).
The ABI Sequence detection machine consists of three instruments; a 96- 
well plate thermal cycler, an argon laser and CCD camera linked to a PC that 
detects raw fluorescence signal and consequently analyses the data by 
specialised software. During the amplification reaction, the argon laser 
excites electrons derived from the reporter fluorescein dye (FAM). The CCD  
camera collects emission wavelengths from 500nm to 660nm for 25  
milliseconds every seven seconds. This data is relayed to the PC, and 
software calculates the intensities of the reporter dye (FAM) against the 
quencher dye (TAM RA) every few seconds. An amplification plot is 
generated by plotting the average fluorescence for each cycle against cycle 
number (e.g., 1-40). This produces a sigmoidal shaped with three main 
areas of interest (figure 1.12)
The initial phase of the reaction (commonly the first 10-15 cycles of the 
reaction) is flat, as not enough of the probe is cleaved to raise fluorescence 
above the ‘baseline’. The exponential phase in the curve depicts reporter 
dye emission above baseline. This represents the logarithmic amplification 
of the specific PCR product and is the region of interest. The curve finally 
reaches a plateau whereby no further product accumulation occurs. The
cycle number at which exponential amplification commences is termed the 
Ct value. The C j value is inversely proportional to the amount of starting 
target template (copy number) in the reaction prior to amplification (Lie & 
Petropoulos, 1998).
x Plateau
F ig u r e  1 .1 2  Typical TaqM an amplification plot. Dashed lines indicate 
specific phases of the amplification reaction. Indicates the cycle
threshold. ‘Rn’ indicates the intensity of reporter dye detected (cleaved 
probe).
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The application of TaqMan technology to NoV detection does however 
present some problems. As with any PCR-based assay for these viruses the 
diverse nature of NoV strains makes primer design complex. Using 
conventional PCR, these constraints were overcome by the in-house 
development of a nested-PCR assay for the detection of NoVs within 
shellfish (Lees et al. , 1995). There are two important elements for designing 
TaqM an primer-probe sets for the NoVs. Principally, the set should be 
broadly reactive enough to detect the majority of currently circulating NoV  
strains. Secondly, the probe sequence should be specific to the virus strain of 
interest. These restrictions are also coupled with the numerous criteria in 
designing primer probe sets for use in a standard Fluorogenic 5’ nuclease 
assay. To overcome the difficulties in designing a pan-specific NoV TaqMan  
primer and probe set it has been decided in this study to develop two 
individual sets (one for each genogroup) in which a common circulating strain 
of NoV within the environment would be detected.
1.11.1.1 TaqMan Prim er and Probe Design
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The individual objectives of this study can be formulated as follows:
1. To develop a quantitative method for the detection of NoVs in sewage 
effluent and water samples for use in this study (chapter 3).
2. To establish extraction methods for the detection of NoVs in sewage 
effluent and water samples for use in this study (chapter 4).
3. To evaluate the survival characteristics of NoVs in seawater, and 
compare the findings with those of E.coli and F+ bacteriophage as 
indicator organisms (chapter 5).
4. To evaluate (using the developed quantitative method) the 
characteristics of occurrence of NoVs in crude sewage effluents and 
the consequent inactivation/removal of NoVs during biological sewage 
treatment, compared with E.coli and F+ bacteriophage as pollution 
indicator organisms (chapter 6).
1.12 O B J E C T IV E S  O F T H E  S T U D Y
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C H A P T E R  T W O :  M A T E R IA L S  A N D  M E T H O D S
2.1 STA N D A R D  R EA G EN TS
2.1.1 Buffers
Phosphate buffered saline (PBS) (Dulbecco’s formula) was used for 
preparing serial dilutions of virus preparations. PBS was prepared by 
dissolving commercially prepared tablets of PBS (Oxoid, UK) in molecular 
biology grade, nuclease-free water (BDH, UK).
0 .1%  (w/v) peptone water (Oxoid, UK) was used for preparing serial dilutions 
of shellfish tissue extracts for F+ bacteriophage and bacterial viability assays.
2.2 C ELLS AND V IR U S E S
2.2.1 Eukaryotic Cell Stocks
Buffalo Green Monkey (BGM ) cell line was kindly propagated and supplied 
by Ms Melanie Dodge (CEFAS, UK).
2 .2.2 Virus Stocks
Enteric adenovirus, enterovirus (poliovirus type 1) and NoV were used in 
initial work to develop molecular quantitation. A. Allard, Sweden kindly 
supplied adenovirus (Ad) type 40 and she conducted all infectivity based Ad 
quantitation. Poliovirus type one LSc 2ab (VR -192) was obtained from the 
American Type Culture Collection (ATCC). Grimsby and Valetta strains of 
norovirus were prepared from clinical faecal material as a 10% extract in 
phosphate buffered saline (PBS). Up to 1g of faecal material was diluted 
with 1:10 (w/v) PBS followed by thorough mixing and centrifugation at 3000 x 
g for 5 min. Supernatants were stored at 4°C  until use. Samples were  
further diluted in PBS and stored at 4°C  until use.
2.2.3 T itra t io n  of V iru s e s  (Plaque A ssa y : V ia b ility  Method)
Poliovirus type 1 was titrated by the semi-solid plaque assay. Buffalo Green 
Monkey (BGM ) cells were seeded into a 6 well tray and when monolayers 
were confluent the spent medium was removed and 0 !m l  of neat or serially 
diluted virus was inoculated into each well. The virus was adsorbed onto 
each well for 20 min, with gentle rocking every 2 min to prevent the cells 
drying out. Semi-solid overlay (1 to 10 mixture of Glasgow MEM (10 fold 
strength), 1% NaHCo3, 4m M L-glutamine, 100 U/ml penicillin, 100pg/ml 
streptomycin in 0.9%  NaCl, 4%  (v/v) Foetal Calf Serum (FCS), 2% (v/v) Non- 
Essential Amino Acids (NEAA), 1.5% (w/v) agarose and 90%  d H 2 0 ) was 
added to each well (2ml/well) and the plates were incubated at 37°C  in an 
atmosphere of 5% C 0 2. Plaque development was monitored daily.
Before staining, the semi-solid overlay was removed and the monolayers 
were fixed for 30 min with 10%  neutral buffered formalin consisting of 0.3M  
sodium dihydrogen orthophosphate dihydrate (NaFI2P0 4 .2 Fi20 ); 0.37M  di­
sodium hydrogen orthophosphate 2-hydrate (N a2F iP 04.2Fi20 )  and 10%  
formaldehyde (40%  w/v). Cell sheets were then washed with water and 
stained with 0.05%  (w/v) methyl crystal violet for 15 min. Afterwards the cells 
were rinsed with water and allowed to dry. Plaques were counted; the 
duplicates averaged, multiplied by the dilution factor for the well, and by a 
factor of 10 (0 !m l inoculated). The counts were expressed as pfu/ml.
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2.3.1 Standard Media
The following media are used for the growth and assay of F+ 
bacteriophages.
Tryptone-yeast extract broth (TYGB) (Oxoid, UK)
1% Tryptone yeast extract agar (TYG A) (Oxiod, UK)
2%  Tryptone yeast extract agar (TYG A) (Oxiod, UK)
TYGB, and TYG A  was supplemented with 1% naladixic acid and/or calcium 
and glucose solutions. Nalidixic acid solution (NAS) was prepared by 
dissolving 2.5%  (w/v) nalidixic acid in 0.2 M NaOH. Calcium and glucose 
solution (CG S) consisted of 0.56 M glucose and 0.2 M calcium chloride. 
Each solution was filter sterilised.
Lactose Agar:
1% (w/v) peptone, 1% (w/v) lactose, 0 .09 M NaCl, 0 .0025%  phenol red and 
1.2% (w/v) agar. Supplemented with 0.002%  (w/v) kanamycin sulphate and 
1% (v/v) NAS.
2.3.2  F+ bacteriophage stocks
GA serotype F+ bacteriophage was obtained from the National Collections of 
Industrial and Marine Bacteria Ltd, Aberdeen, UK (NCIM B 10108).
2 .3 .3  G row th o f F+ bacteriophage
GA was grown by inoculating 100 ml of TYGB with 3-4 isolated colonies of 
E.coli (NCIM B 9481) and incubating for 18 h at 37°C  whilst shaking at 150 
rpm. GA at a final concentration of 1 x 105 PFU was added to this overnight 
culture, incubated for 4 -5  h and further growth stopped by the addition of 
CHCI3. Following overnight incubation at 4°C  the aqueous phase was de­
canted, centrifuged at 9000 x g for 20 min and the supernatant aliquoted and 
stored at -2 0 °C .
2.3. F+  B A C TE R IO P H A G E
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W G 49 Salmonella typhimurium phage type 3 Nal r (F ’lac::Tn5) was used as 
the host bacterium. W G 49 cells were propagated by overnight incubation at 
37°C  on non-selective lactose agar. Yellow lactose fermenting colonies were  
picked off and used to inoculate 100ml of TYGB. This was incubated for 18 h 
at 37°C  on an orbital shaker (100 rpm). Sterile (87%  w/v) glycerol was added 
to a final concentration of 20%  (v/v) and mixed well. The broth was added in
1.5 ml portions and stored at -7 0 °C  until use.
Two aliquots of frozen stock W G 49 were defrosted at room temperature and 
added to 100 ml of TYGB supplemented with 1% (v/v) NAS and 1% (v/v) 
GCS. This was incubated at 37°C  on an orbital shaker (100 rpm.) for 4-5  
hours. This was then incorporated in the double agar overlay.
2.3.4.1 Double agar overlay method
F+ bacteriophage was titrated using the methods described by Havelaar and 
Hogeboom (1984). Essentially, 2.5 ml of molten 1% TYG A  was held at 45°C . 
One ml of approximately diluted sample and 1 ml of W G 49 host culture was 
added (in duplicate). This mixture was poured into a previously prepared 2%  
TYG A base in 90mm diameter petri dishes. The overlays were inverted and 
incubated overnight at 37°C. Plates were examined the next day for plaque 
formation. Plaques were counted, multiplied by the dilution factor, and 
expressed as pfu/ml (seawater/sewage). The limit of sensitivity of the assay 
was 0.1 pfu/ml (seawater/sewage effluent).
2.3 .4  T itra t io n  o f F+  bacteriophage
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2.4.1 Com m on M edia
The following medium was used for the assay of E.coli.
Membrane laurvl sulphate broth
0.006%  (w/v) Yeast extract, 0 .03%  (w/v) lactose, 0 .0002%  (w/v) phenol red, 
and 0.001%  (w/v) sodium lauryl sulphate.
All media was obtained from Oxoid, Ltd (Basingstoke, UK), made according 
to manufacturer’s guidelines, autoclaved at 116°C for 10 min and stored in 
the dark at 4°C  for 6 months maximum.
2.4.2 Escherichia co li stra ins
Escherichia coli (E.coli) were obtained from the National Collection of Type 
Cultures, London, UK (NC TC 10418).
2 .4.3 Titration o f E.coli
2.4.3.1 Sewage effluent and seeded seawater samples
Indigenous E.coli were isolated from neat or serially diluted effluent samples 
or seeded seawater samples using the membrane filtration technique 
(Methods for the examination of waters and associated materials, 1994). 
Serial dilutions of effluent or seeded seawater were prepared using peptone 
and PBS respectively. Prior to passing to the vacuum membrane the neat or 
diluted sample was filtered through a 5pm membrane. 10 ml of effluent or 9 
ml of seawater were filtered though a pre-sterilised 0.45pm  cellulose nitrate 
membrane (Whatman, Kent, UK) using a membrane filtration apparatus 
supplied by Gelman Sciences. This was connected to a vacuum source (500
2 .4  B A C T E R IA L  IN D IC A TO R  E .C O L I
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W , Stanhope Seta). The apparatus was sterilised in boiling water between 
samples. A negative control of 9ml PBS was filtered between each sample. 
Membranes were incubated at 37°C  for 2 hours as a recovery step, then 
transferred to 44°C  for 18 h on selective iauryl sulphate broth.
All yellow, (i.e., the ability to ferment lactose to acid as indicated by phenol 
red red to yellow), non-mucoid (non-viscous) colonies on Iauryl sulphate 
broth isolated from effluent samples were regarded as E.coli.
The limit of assay sensitivity was 0 !  CFU/1 ml.
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2.5.1 Sewage Effluents (Virus Concentration)
The method is a modification to the method described by Girones et al., 1993 
and is detailed within section 4.3.
2.5.2 Stock Virus Nucleic Acid Extraction/Purification
The nucleic acid extraction procedure was based on the methods reported by 
Yamada et al., (1990) and Boom et al., (1990). 1 OOjllI of neat or serially 
diluted (PBS) stock virus (NoV/adenovirus/enterovirus) was added to reaction 
tubes containing 10pl of glass powder matrix (glassmilk; Anachem, England) 
and 900pl of 6.6M guanidine isothiocyanate (GITC [Sigma]) in a buffer 
containing 0.07% Triton X-100 (Sigma). Samples were then mixed 
vigorously using a vortex mixer, and incubated in a rotating incubator at 20°C 
for 20 min. GITC serves to denature cellular and nucleoprotein complexes 
(thereby releasing the nucleic acid) and protects the RNA in the sample from 
digestion by nucleases. RNA bound to glass-powder was recovered in a 
microcentrifuge (12,000 x g), washed twice with 1ml of 5 M guanidine 
isothiocynate buffer in 0.1 M Tris-HCI (pH 6.4), and washed once with 1 ml of 
ice-cold 70% ethanol followed by a further wash with 1 ml ice-cold acetone. 
The final glass powder pellet was air-dried and the RNA was eluted by re­
suspension in 50 pi of 10 m M  Tris-HCI— 1mM EDTA (pH 8.0) buffer for 10 
min at 56°C. RNA was then precipitated by addition of 0.1 volume of 3 M 
sodium acetate (pH 5.2) and 2 volumes of 100% ethanol, incubated at -70°C 
for 30 min, and pelleted at 20,000 x g (Heraeus Instruments) for 20 min at 
4°C.
2 .5  P R E P A R A T IO N  O F  S A M P L E S  P R IO R  T O  R T - P C R
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2.5.3 Sewage Effluent (Viral Nucleic Acid Extraction/Purification)
The 2ml sample concentrate (section 2.5.2) was split into 5 x 400pl aliquots 
and a nucleic acid extraction procedure was performed as outlined in section
2.5.2.
2.5.4 Seeded Seawater (Viral Nucleic Acid Extraction/Purification)
400jal of seeded seawater was nucleic acid extracted (in duplicate) according 
to the procedure outlined in section 2.5.2
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2.6 REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION 
(RT-PCR) (NON-QUANTITATIVE)
2.6.1 Reverse Transcription
RT-PCR was performed by re-suspending RNA pellets in 6.9 pi of RT1 
master-mix (6.8pl sterile water was added to 20 units of ribonuclease 
inhibitor (RNAsin, [Promega]) and, 1pl 50 M random hexamers (Promega, 
UK)) and overlaying the mixture with 50pl mineral oil (Sigma, UK). The 
mixture was heated at 70°C for 5 minutes (to eliminate secondary structures), 
chilled on ice (to prevent secondary structure re-formation) and then added to
8.1 pi ‘RT2’ reaction mix; containing (final concentrations) 10mM Tris (pH
8.3), 50mM KCI, 5 mM MgCI2, 1 mM (each) deoxynucleoside triphospate 
(dNTP) (Promega, UK) and 100 U of Moloney murine leukaemia virus 
reverse transcriptase (Applied Biosystems, UK). The sample mixture was 
held at room temperature for 10 minutes to maximise primer-RNA binding, 
followed by incubation at 37°C for 1 hour to allow primer extension by 
reverse transcriptase. The reaction was terminated by incubation at 95°C 
for 5 minutes to denature the enzyme. The 15pl volume of cDNA was then 
snap-cooled on ice and stored at 4°C prior to PCR amplification.
2.6.1.1 Reverse Transcription (Sewage Effluents)
The 5 x 400pl aliquots were RNA extracted (section 2.5.2), and the resultant 
pellets were pooled into a ‘scaled-up’ modification to the method described in 
section 2.6.1. Essentially the RT1 master-mix was scaled-up five-fold 
(34.5pl) and added to the pooled pellets. The RT2 master-mix was also 
scaled up five-fold (40.5pl). The modified reverse transcription resulted in 
75pl of cDNA.
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PCR products were analysed by electrophoresis (75V for 45 min) in 4% (w/v) 
agarose gels (3% NuSieve, 1% Seakem) (Flowgen), containing 0.3pg/ml 
ethidium bromide (Sigma), and visualised by ultra violet irradiation (BioRad). 
Primers yield the following product lengths in base pairs: NI/E3 - 113, 
Ando/E3 - 112, NeEnt1/NeEnt2 -123, NeHex1/NeHex2 - 143. Molecular 
weights were determined by direct comparison with a 1Kb ladder (Gibco 
BRL). A negative control containing 400jul ‘amplified’ PBS was run to check 
for cross-contamination. If observed, the nucleic acid was re-extracted, and 
re-amplified.
2.7 CLONING OF NESTED RT-PCR PRODUCTS
2.7.1 Chroma-Spin Purification of RT-PCR products
All the RT-PCR positive samples were purified before cloning using 
Chromaspin tubes (Clontech, UK Ltd, Basingstoke, England). The contents 
of the Chromaspin tubes were either shaken or flicked to mix, ensuring no air 
bubbles were present. The bottom of the tube was then snapped off and the 
tube placed over the collecting vial. The tubes were spun at 2000 rpm (750 x 
g) in a centrifuge (Mistral 3,000, [Centaur, England]) for 5-10 minutes to 
compact the silica gel. The collecting vial was discarded. Approximately 
30pl of PCR product was loaded into the centre of the column and 
centrifuged at 2,000 rpm (750 x g) for 5 minutes using a new collecting vial. 
Any unused DNA solution was frozen for later use if necessary.
2 .6 .3  N e s t e d -R T -P C R  P ro d u c t A n a ly s is
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2.7.2 Preparation of media for cloning of PCR products
2.7.2! Luria Broth (LB)
The LB broth containing 10g of Tryptone, 5g Yeast extract and 5g of NaClper 
litre was made according to the manufacturer’s (Oxoid) instructions.
2.7.2.2 LB Plates with ampiciilin
15 g of agar was added to 1 I of LB medium and sterilised as before. The 
medium was allowed to cool to 50°C before the addition of ampiciilin to a 
final concentration of 100 pg/ml. The media (30-35 ml) was poured into 
85mm petri dishes. The agar was allowed to solidify before being stored at 
4°C for a maximum of 4 weeks.
2.7.2.3 IPTG stock solution (Q.11V0
Nuclease free water (BDH, UK) was added to 1.2g of IPTG (Promega, UK) to 
a final volume of 50 ml. The IPTG solution was filter sterilised and stored at 
4°C.
2.7.2.4 X-Gal stock solution
100 mg of x-gal (5-bromo-4-chloro-3-indolyl-£-d-ga(actoside) (Promega, UK) 
was dissolved in 2 ml N, N'-dimethyl-formamide. The solution was covered 
in aluminium foil and stored at -20°C.
2.7.3 Ligation of the PCR product into a plasmid vector
The purified PCR products were ligated into a plasmid vector (as in pGEM-T 
Cloning Protocol, Promega). A 10 pi ligation mix containing 3 pi PCR 
Product (from ChromaSpin tubes), 4 pi Sterile Water, 1 pi T4 DNA Ligase, 1
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pi pGEM-T Easy Vector, 1 pi T4 DNA Ligase 10 X Buffer, was made for each 
sample
The reaction was mixed by pipetting, and incubated overnight at 4°C.
2.7.4 Transformation of Host Cells
High efficiency competent cells JM109 ([1x108 cfu/pg] Promega Corporation, 
Madison) were placed on ice to thaw. The LB broth was allowed to reach 
room temperature. A water bath was equilibrated to 42°C and LB plates 
warmed to 37°C. The tubes containing the ligation reactions were briefly 
microfuged and a volume of 2 pi of each ligation reaction was added to a 1.5 
ml Eppendorf tube on ice.
A volume of 50 pi of cells was carefully transferred into each tube, gently 
mixed with a pipette tip and placed on ice for 20 min before being heat 
shocked at exactly 42°C for 45-50 s. The tubes were then placed on ice for 2 
min before 950 pi of LB broth was added to the tubes containing cells 
transformed with ligation reactions. The tubes were then shaken for 90 min 
on a shaking platform at 150 rpm in a 37°C incubator. LB plates were spread 
with 100 pi IPTG and 20 pi X-Gal and placed in the incubator at 37°C for 30 
min. Approximately 100 pi of the transformed cells were plated onto 
duplicate antibiotic plates. The plates were inverted and incubated overnight 
at 37°C. The plates were examined the next day for the growth of white 
colonies. To facilitate screening of the plates they were refrigerated for 2-3 
hours.
2.7.5 Screening colonies by PGR
To determine whether colonies contain inserts ofthe correct size, 5-10 white 
or pale blue colonies were screened by PCR. Antibiotic plates were 
prepared with no IPTG/X-Gal. Each plate was divided into a grid with ~ 9 
divisions per plate.
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Colony PCR master-mixes were made containing (final concentrations) as 
follows for each sample, 10 m M  Tris- HCI (pH 8.8). 50 m M  KCI, 1.25 mM 
MgCI2, 0.2 m M  (each) dNTP, and 20 pmol of each primer (pTAg 3’and pTAg 
5’). Nuclease free water was added to a final volume of 49pl.
A total volume of the ligation mix (49 pi) was aliquoted into a 0.5 ml thin 
walled PCR reaction tube (Applied Biosystems, UK) and overlaid with 1 drop 
of mineral oil (Sigma, Poole, Dorset).
The edge of a large white or pale blue colony was touched with a fine loop 
and streaked onto one section of the grid plate (Colonies were not taken from 
the edge of plates spread with IPTG/X-Gal, as they may not have been in 
contact with IPTG/X-Gal). The PCR mix was inoculated with the colony by 
putting the loop into the reaction tube and mixing vigorously. Amplification of 
the colony reaction mixes was performed on a Quattro thermal cycler 
according to the following parameters: one cycle of 96°C for 10 minutes, 
followed by 30 cycles of 94°C 1 minute, 37°C for 1 minute and 72°C for 1 
minute with a final extension step of 72°C for 10 minutes. The following 
primers were used for amplifcation.
5’ pTAg forward primer GCTATGACCATGATTACGCCAA
3’ PTAg reverse primer TGTAAAACGACGGCCAGTGAA
The products were visualised by gel electrophoresis on a 2 %  agarose gel 
(NuSieve 3:1, Flowgen Instruments Ltd, Sittingbourne, Kent) containing 15 pi 
per 25 ml agar of ethidium bromide. Bands with the correct size of insert 
were seen as a 311 /312bp product for NoV (200 bp from the vector plus 
insert size). A random selection of positive clones was sub-cultured onto 
fresh LB plates and grown overnight. They were stored at 4°C for up to 3 
months or were subcultured into PROTECT vials for long-term storage.
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2.7.6 Protect Tubes for Storage of Positive Clones
All positive clones were stored long term on Protect vials (Protect Bacteria! 
Preservers, Technical Service Consultants Ltd, UK). Protect preservers 
consist of treated beads in a cryo-preservative fluid, which are irradiation 
sterilised. The fluid was inoculated with a loop of positive clone and mixed. 
The vial was inverted 6 times and left to stand for 60 s. As much fluid as 
possible was removed from the vial, which was then stored at -20°C. To re- 
grow the culture, a bead is removed aseptically and streaked onto an LB 
plate and incubated at 37°C.
2.7.7 Purification of PCR Products Prior to Sequencing
Purification of PCR products containing the correct size of insert was carried 
out prior to sequencing. Purification of the products was achieved with the 
use of 30K Microsep Filters (Flowgen Instruments Ltd, Sittingbourne, Kent). 
A volume of nuclease free water (2 ml) was aliquoted into the upper 
compartment of the filter. Approximately 30pl of the colony PCR product was 
added and mixed thoroughly with a pipette. The Microsep filter was placed in 
a fixed angled rotor centrifuge (MSE) and centrifuged for 35 minutes at 
3000xg. The supernatant was discarded. A collecting cup was added to the 
base of the Microsep filter and the whole filter inverted. The filter assembly 
was centrifuged for 10 min at approximately 1750 x g. The concentrate was 
collected from the cup and stored at 4°C.
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2.8 AUTOMATED SEQUENCING PROTOCOLS 
2.8! Cycle Sequencing
Both strands of purified PCR products were cycle sequenced using a 
commercially available kit (Big Dye Cycle Sequencing Ready Reaction Kit, 
Applied Biosystems, UK) (table 2.1). Reaction tubes (2 for each sample) 
were set up as follows:
Reaaent oGem control Sample
Ready reaction mix 8 pi 4 pi
Template (from 30K microsep) 2 pi 4 pl(variable)
Primer 6 pi 10 pmoi (either 5’ or 3’pTAg)
Nuclease free water 4 pi 20 pi
Table 2! Cycle Sequencing Reaction Mix
Each sample tube was overlaid with mineral oil and amplified on a ‘480’ 
thermal cycler (Applied Biosystems, UK) at 96°C 30 seconds, 45°C 15 
seconds, 60°C 4 minutes for 25 cycles. The primers used in the cycle 
sequence protocol were the same as the pTAg 5’ and 3’ used in the colony 
PCR.
2.9.1! Purification of cycle sequence PCR products
The cycle sequence PCR products were purified by ethanol precipitation. 
Tubes were set up according to Table 2.2
1/2 volume Full volume
Cycle sequence product 10 pi 20 pi
3M NaAc pH 5.2 10 pi 10 pi
Nuclease free water 80 pi 70 pi
Table 2.2 Reagents for purification of P C R  cycle sequencing products
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250 pi of 95% ethanol was then added to each tube. The tubes were put on 
ice for exactly 5 min to differentially precipitate the extraneous dNTPs. If the 
PCR product is small <200 bp, ice precipitation is not always necessary. The 
sample tubes were centrifuged (Picofuge, Heraeus, England) at 10,000 x g 
for 15-20 min. All the supernatant was removed, and the pellet washed with 
250 pi of 70% ethanol. The tubes were microfuged again for 2 min. All 
supernatant was removed and the pellet dried under vacuum for 10 min or 
until the tubes were completely dried. The pellets were re-suspended in 25pl 
template suppression reagent (Applied Biosystems, UK) by vortexing. 
Samples were microfuged briefly before being denatured at 95°C for 2 min. 
The samples were vortexed and microfuged once more. The samples were 
then transferred to Genetic Analyser tubes with septa (Applied Biosystems, 
UK) and sequencing performed on an automated Sequencer (ABI Prism 310) 
(Applied Biosystems, UK).
2.8.1.2 Analysis of Sequencing Data
The sequences were analysed in the Sample Analysis and Sequence 
Navigator software programmes, which are components of the ABI 310 
Sequencer package. This programme allows the operator to align 
sequences, reverse complement sequences and to perform multiple 
sequence alignments. Further alignment analysis was performed on the 
sequence data using the EDITseq and MegaAlign components of Lasergene 
Software (DNAstar).
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2.9.1 Fluorogenic 5’ Nuclease Assay (TaqMan™)
2.9.1.1 Primer Probe Design
Ail primer and probe sets were designed using Primer Express™ software 
(Applied Biosystems, UK), and optimised according to guidelines from 
Applied Biosystems. The primer and probe sets used are shown in table 2.3.
2.9.1.2 Assay Components and Parameters
A TaqMan-PCR reaction mix (25pl) was prepared for each TaqMan run. The 
mix contained 12.5jul TaqMan Universal PCR master-mix (10mM Tris (pH
8.3), 50mM KCL, 75mM passive reference dye ROX, 5mM MgCl2, 200pM 
dNTPs 0.025 U/pl Taq polymerase) (Applied Biosystems, UK), and optimised 
amounts of selected primers and probe. Nuclease free water (BDH, UK) 
was added to a final volume of 23pl. A separate reaction mix was prepared 
for each target virus.
The reaction mix was added to 2pl of target cDNA/DNA (or 1 OjllI if derived 
from sewage) and amplified at 50°C for 2 seconds, 95°C for 10 seconds, and 
then 40 cycles of 95°C for 15 seconds followed by 60°C for 1 minute. 
Quantitative results were derived from a threshold cycle value (Ct value). 
This value is the cycle number at which exponential amplification 
commences within a given PCR reaction.
Quantitative data was analysed using GeneAmp Sequence Detection System 
(SDS) software, version 1.3 (Applied Biosystems, UK).
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3.1 INTRODUCTION
Experimental investigation of virus survival necessitates a determination of 
the virus content in a treated sample relative to the amount initially present so 
that the extent of virus destruction can be estimated over time and in 
response to any given virucidal treatment. Noroviruses cannot be cultured 
and the only feasible approach is the use of molecular techniques, and in 
particular quantitative PCR. There are no published methods for this task 
despite the obvious desirability of such techniques. The first objective for this 
project was therefore to establish quantitation methods for the NoVs.
During the development-phase, techniques were initially piloted using enteric 
viruses (poliovirus I and adenovirus 41) that are more easily handled. Once 
established, these approaches were applied to NoVs.
3.2 CHOICE OF QUANTITATIVE ASSAY
There are two approaches to molecular quantitation of enteric viruses. 
These are the use of competitive PCR using a competitor template 
distinguishable from the virus target by an internal deletion, and the TaqMan 
(TaqMan) method for quantitation of PCR amplification during the linear 
phase of amplification. CEFAS has recently completed a two-year project 
evaluating the use of competitive-PCR for quantitation of enteroviruses, such 
as poliovirus, in shellfish. The project was successful and demonstrated that 
this approach could be used for quantitation of viruses in shellfish. However, 
a major drawback was that the linear range of successful co-amplification 
was very restricted making the application of this technique cumbersome and 
expensive in practice. It was therefore decided to investigate the fluorogenic 
5’ nuclease assay (TaqMan) and an ABI 5700 Sequence Detection System 
was purchased for use in this project.
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The TaqMan exploits the 5’-3’ exonuclease activity of Taq polymerase, that 
generates a fluorescent signal during PCR primer extension via the release 
of a fiuorescently labelled probe (reporter dye) from an oligonucleotide within 
which the probe is quenched. Fluorescence emission by the released probe 
is directly proportional to the amount of target template in the sample, and is 
measured in real-time by the ABI 5700 Sequence Detection System (Applied 
Biosystems). The reaction is internally normalised by the inclusion of a 
passive reference dye that does not participate in the TaqMan assay.
The passive reference provides an internal reference to which the reporter- 
dye signal can be normalized by TaqMan software during data analysis. 
Normalization is necessary to correct for fluorescent fluctuations due to 
changes in concentration or volume. Normalization is accomplished by 
dividing the emission intensity of the reporter dye by the emission intensity of 
the Passive Reference to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The following equation (performed 
automatically by TaqMan software) expresses normalization:
ARn = (Rn+) -  (Rn-)
Rn+ is the Rn value of a reaction containing all components including the 
template.
Rn- is the Rn value of an un-reacted sample. This value may be obtained 
from the early cycles of a TaqMan run, those cycles prior to a detectable 
increase in fluorescence. This value may also be obtained from a reaction 
not containing template.
ARn is the difference between the Rn+ value and the Rn- value. It reliably 
indicates the magnitude of the signal generated by the given set of PCR 
conditions.
3.3 FLUOROGENIC 5’ N U C LEA SE A SSA Y (TAQMAN)
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The threshold cycle, or C j value, is defined as the cycle at which normalised 
fluorescence is determined to be statistically significant above background, or 
at which a statistically significant increase in ARn is first detected. Therefore, 
a CT value indicates the point at which exponential amplification commences 
and is inversely proportional to the amount of initial template target, with 
higher initial template amounts giving a lower CT value in experiments where 
all PCR reactions have similar efficiencies (Applied Biosystems, 1998).
As a linear relationship exists between initial template and Cy value, linear 
regression analysis can be performed on the trend-line of the two variables, 
and the constants of the equation of a straight line (y=mx+c) can be 
determined (where m  is the gradient of the line and c is the y-intercept). The 
gradient of the line determines both rate of exponential amplification and thus 
the efficiency of the reaction as illustrated by the following equations:
Exponential Amplification = 10 (-1/gradient)
Amplification Efficiency = [10 (-1/gradient)-1]
In order to obtain re-producible relative quantitation results, PCR reactions 
should have efficiency as close to 100% as possible. At this efficiency, 
template doubles after each cycle of exponential amplification. Several 
TaqMan assay design factors can influence this such as length of primers 
(section). The following table illustrates that optimal PCR efficiency is 
indicated by a gradient of -3.3 (www.strataqene.com)
Gradient Exponential Amplification Amplification Efficiency
-3.40 1.9654 0.9654
-3.35 1.9884 0.9884
- 3 . 3 0  2 . 0 0 9 2  1 . 0 0 9 2
-3.25 2.0309 1.0309
-3.20 2.0535 1.0535
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In terms of relative change in template amount, it would follow that at 100% 
efficiency a one log-io increase in starting template would be indicated by a 
decrease of 3.3 Ct values. A theoretical calibration curve for relative 
quantitation can therefore be constructed assuming that the reaction is 100% 
efficient. The theoretical calibration curve shown in figure 3.1 indicates the Cr 
values expected if running a TaqMan reaction for 50 cycles at 100% 
efficiency (gradient -3.3). Therefore, a C j value of 50 would indicate the 
absence of exponential amplification of template, (shown by zero logs on the 
x-axis) and would be considered negative.
All TaqMan amplifications detailed in this thesis were carried out in duplicate. 
If the standard deviation of the two Ct values for each amplification was <1.0 
the mean average of the two values was stated. However, if the standard 
deviation was >1.0 the amplification was repeated where possible. If due to 
diminished cDNA supply, this was impossible the amplification plot of the two 
values were examined and ‘artefact’ curves were rejected.
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Theoretical amount (Log 10) of Intial Template Material 
0 2 4 6 8 10
Figure 3.1 Theoretical Relative Quantitation Calibration Curve (Modified 
from Applied Biosystems, 1998)
For amplification of 50 cycles a C j value of 50 would indicate 0 logs of 
template. A one log decrease in template is indicated by an increase in 3.3 
C j values
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The initial stage in developing the TaqMan reaction chemistry is to design 
primer and probe sets specific to the virus of interest. It was decided to 
develop sets for NoV, enterovirus (poliovirus type 1), enteric adenoviruses 
(types 40-41) and the human GA serotype of F+ bacteriophage. Enterovirus 
and adenovirus were chosen, as they are human enteric viruses frequently 
present in sewage discharges. Secondly, both are readily cultivable in 
mammalian cell lines and therefore virus titres can be established by 
standard methods for calibration purposes. GA bacteriophage was chosen 
for use in this study as it is easily titrated by the double agar overlay method 
and is also frequently present in sewage. Model systems were needed 
because there is no infectivity titration system for the NoVs.
There are numerous criteria to be considered when designing primer probe 
sets for the application of TaqMan. Both primers should have melting 
temperatures (TM’s) of 58-60°C, with that of the probe being 10°C higher. 
Selecting primers and probes with the recommended Tm’s is one of the 
factors which allows the use of Applied Biosystems universal thermal cycling 
parameters. Having the probe Tm 10 °C higher than that of the primers 
ensures that the probe is fully hybridized during primer extension. Whenever 
possible, primers and probes should be selected in a region with a G/C 
content of 20-80%. Regions with a G/C content in excess of this may not 
denature well during thermal cycling, leading to a less efficient reaction. In 
addition, G/C-rich sequences are susceptible to non-specific interactions that 
may reduce reaction efficiency. For the same reason, primer and probe 
sequences containing runs of four or more G bases should be avoided, but 
A/T-rich sequences require longer primer and probe sequences in order to 
obtain the recommended Tm’s.
The last five bases on the 3' end of the primers should contain no more than 
two C and/or G bases, which is a factor that reduces the possibility of non­
specific product formation. Under certain circumstances, however, such as a
3 .3 .1  P r im e r  and P ro b e  D e s ig n
106
G/C-rich template sequence, this recommendation may have to be relaxed to 
keep the amplicon under 150 base pairs in length. It should, however, be 
followed as often as possible, and even when it is not possible, primer 3' 
ends extremely rich in G and/or C bases should be avoided.
The probe must not have a G on the 5' end, or contain more than 4 
contiguous G's. In total, the probe should not be composed of more G's than 
C's. Primer Express software does not select probes with a G on the 5' end. 
The quenching effect of a G base in this position will be present even after 
probe cleavage. This can result in reduced normalized fluorescence values 
(DRn), which can impact the performance of an assay. Having G bases in 
positions close to the 5' end, but not on it, has not been shown to 
compromise assay performance. Another empirical observation is that 
probes with more C than G bases will often produce a higher DRn. Since 
Primer Express software does not automatically screen for this feature, it 
must be checked manually. If a probe is found to contain more G than C 
bases, the complement of the probe selected by Primer Express software 
should be used, ensuring that a G is not present on the 5' end
The amplicon should be between 50-150bp in length, this is an important 
default parameter in Primer Express software as small amplicons promote 
high-efficiency assays enabling relative quantification. In addition, Probes 
approaching 40 base pairs can exhibit less efficient quenching and produce 
lower synthesis yields. Finally, the 3' end of the primer should be as close to 
the probe as possible without overlapping (Personnel communication, Adam 
Corner, Applied Biosystems). All primer-probe sets were designed using 
Primer Express™ software and parameters were kept strictly within 
recommended guidelines (Applied Biosystems, UK).
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Initially, an enterovirus set (‘CEFAS’) was designed to target for poliovirus 
types 1 2 and 3 and to a lesser extent coxsackie A and B viruses. Reactivity 
studies were conducted whereby 1 OOjlxI of stock enteroviruses (Poliovirus 1, 
2, 3, echovirus 11, coxsackie B5, coxsackie B6, and echovirus 7) and a 
negative control non-enterovirus (rotavirus SAII) were nucleic acid extracted 
(section 2.5.2) and reverse transcribed (section 2.6.1). A 2pl aliquot of the 
resultant 15pl of cDNA was amplified by the CEFAS TaqMan set. The 
reactivity studies (table 3.1) revealed that ‘CEFAS’ set reacted poorly with 
environmental strains such as coxsackie B viruses. Although this set could 
be used in seeding experiments using poliovirus type 1, it was not suitable for 
environmental application. A second pan-specific enterovirus set was 
synthesised following literature search and consultation with the enterovirus 
reference laboratory in Helsinki, Finland. Both the ‘CEFAS’ and ‘FINLAND’ 
primer sets were directed against the highly conserved 5’ UTR of enterovirus 
genome (figure 3.2). Both candidate sets were then tested using the same 
panel of laboratory strains of enteroviruses, in which an aliquot (2pl) of the 
cDNA was amplified using the ‘CEFAS’ set and another 2pl was used for the 
‘Finland ‘ set.
The results (table 3.1) demonstrate that the 'Finland' enterovirus primer- 
probe set displayed a broader reactivity against the virus panel than the 
CEFAS set. The CEFAS set however was more sensitive to the three 
serotypes of poliovirus and was thus better suited to seeding studies using 
the poliovirus type I. The ‘Finland’ set was clearly more appropriate for use 
for detection of enteroviruses in environmental samples using the TaqMan 
assay.
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Enterovirus
Type
Stock Date 
/origin
Reactivity
Poliovirus 1 5.12.90
CEFAS
+
FINLAND
+
Poliovirus 1 13.9.93 + +
Poliovirus 1 Sweden + +
Poliovirus II 24.11.90 +
Poliovirus III 5.12.90 + +
Echovirus 11 Sweden - +
Cox B5 Sweden - +
Cox B6 Sweden - +
Echovirus 7 Sweden - +
rotavirus SAII - ve control - -
Table 3 !  Reactivity panel of enterovirus laboratory strains using ‘CEFAS’ 
and ‘Finland’ enterovirus primer and probe sets.
2pl of virus cDNA was amplified by the CEFAS and inland TaqMan sets for 
40 cycles. Reactivity is judged as positive (CT <40) or negative (CT >40) in 
the TaqMan assay.
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3.3.1.2 Adenovirus primer probe design
A primer-probe set was specifically designed for the detection of the two 
enteric human adenoviruses types 40 and 41. The set was designed using 
the sequence of the hexon gene (figure 3.3). The resulting primer set was 
reactive to both serotypes as expected and also displayed some reactivity 
the respiratory adenovirus type 7 (data not shown).
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F+ specific RNA bacteriophages can be classified into four serogroups (I to 
IV) on the basis of serological and physiochemical properties of the phage 
particles (Watanabe et al., 1967; Furuse et al., 1979). The four groups 
include group I: MS2 (animal), group II; (GA) (human), group III; Qfi (human) 
and group IV: SP (animal). The serogroups infecting conforms present in 
humans (groups II and III) differ from those predominating in animals (groups 
I and IV). Groups I and II, and groups II and IV are closely related at the 
nucleotide level (Furuse et al., 1979). A primer-probe set for the type GA F+ 
bacteriophage was designed from the sequence of the maturation protein 
gene. This gene was chosen because it is the least conserved amongst the 
groups, thereby increasing the likely specificity of the primer-probe set. 
(Inokukuchi et al., 1982; Inokukuchi et al., 1986). A sequence alignment 
using bases 1-500 of GA, SP and MS2 genes (Qp data was unavailable) 
indicated a lack of homology to the primer regions chosen (figure 3.4). The 
specificity of the GA TaqMan set was assessed by amplifying samples (2pil) 
of GA, MS2 and Qfi (SP was unavailable) cDNA with the GA set for 40 
cycles. The results showed no amplification (Cj 40) for MS2 and Qfi, and a 
CT value of 24.30 for GA.
3 .3 .1 .3  F +  bacteriophage G A  p rim er-p ro b e desig n
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The design of specific primer and probe sets directed against the NoV group 
was problematic because the TaqMan requires high sensitivity and specificity 
of primer match, yet the NoVs themselves show high sequence diversity that 
has already caused difficulties in design of conventional PCR primers. (Ando 
et al., 1995a; Green et al., 1995; Wang et al., 1994). A pan-specific primer 
set for conventional PCR is currently not available and may be unattainable. 
As a compromise, a common strain from each genogroup identified in 
shellfish was used for primer and probe design. To ascertain commonly 
detected strains, the results from a previous study (Henshilwood, 2001) were 
consulted. The study analysed shellfish for NoV contamination from various 
UK shellfish harvesting areas within a four-year study period (1995-1999). 
RT-PCR-positive NoV amplicons were sequenced (figures 3.5 & 3.7). The 
phylogenetic tree of the collated data (figure 3.5) highlights that Grimsby was 
commonly identified amongst genogroup II strains (figure 3.6). The results of 
the genogroup I shellfish associated NoVs were not as precise with many 
smaller clusters of strains present (figure 3.7). The largest of these clusters 
was formed around Valetta strain. Valetta strain was thereby selected for Gl 
NoV primer-probe design (figure 3.8).
3 .3 .1 .4  N oV  p rim e r probe d e sig n
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9651 c13 (Site 4)— 9690c9 (Site 4)— 9681 (Site 4)— 95144 (Site 5)-* 984 (Site 5)— 9661C18 (Site 4)M 97116 (Site 5)I"1 97183 (Site 5)— 9674c5 (Site 4)— 99511 (Site 6)™ 98455 (Site 5)--- 0020c1 .seq— 9654C12 (Site 4)— 99709 c16( Site 6)— 98435 (Site 5)— 969c13 (Site 4)— 9669C23 (Site 4)— 96104 (Site 4)— 9660 (Site 4)—  Grimsby (clinical UK)—  Lordsdale (X86557) i 981 21 (Site 6)J-1 Richmond.AF414419 L  99777C22 (Site 6)I 99306 (Site 6)
~ 1 Murl1-1997-JP (AB019269).seq—  Harrow.SEQ—  95117c3 (Site 4)—  9635c20 (Site 4)95126 c3 (Site 5)95144C16 (Site 5)Mexico (U22498)99621 (Site 6)99709 c13 (Site 6)
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Figure 3.5 Genetic relationship of NoV Genogroup II strains Phylogenetic 
tree showing genetic relationship between a selection of clinical and 
published NoV strains within genogroup II at the nucleotide level. The tree is 
based on alignment of approximately 80 nucleotides within the RNA 
polymerase gene using the MegAlign software of DNAStar Inc. (Adapted 
from Henshilwood, 2001)
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Saratoga (U07614)B291 (clinical UK)MarylandCV (U07611)Mph2 (clinical UK)9651 c17 (Site 4)9690 (Site 4)9620 C1 (Site4)KSR2A(2001)JP.SEQ 9636 (Site 4)9681 c14 (Site 4)9685 C9 (Site 4)9661 C19 (Site 4)■— 9680 (Site 3)MUR6(1997)JP.SEQ 9635C24 (Site 4)9651 c18 (Site 4)9681 c13 (Site 4)9674 a (Site 4)MUR5A(1999)JP.SEQ Appalachicola Bay(AF414406).SEQ Musgrove-1 S71765.seq Hamburg AF312523-1 78bp.seq White rose 99746 (Site 6)Norwalk (M87661)KY-89-1989-JP-1 L23828 truncated 99592c3 (Site 6)99777c15.seq 99746c20.(Site 6)99672 (Site 6)99633 (Site 6)99592 (Site 6)L Valetta .SEQ—  Chiba virus AB042808-1 truncated i 9747 (Site 4)P 9748 (Site 4)L 930002F-1 .seq (ABO25909)— Swine Calicivirus AB009412-1. truncated
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Figure 3.7 Genetic relationship of NoV Genogroup I strains 
Phylogenetic tree showing genetic relationship of clinical and published NoV 
strains within genogroup I at the nucleotide level. The tree is based on 
alignment of approximately 80 nucleotides within the RNA polymerase gene 
using the MegAlign software of DNAStar Inc (Adapted from Henshilwood, 
2001).
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The Grimsby NoV primer probe set was found to work well against clinical 
(faecal) stocks of virus (figure 3.9) and therefore was judged suitable for 
seeding studies using NoV (Grimsby strain). The strain cross-reactivity of the 
Grimsby primer/probe set was evaluated by the amplification of a 2pl aliquot 
of 1 1 3bp first-round PCR products of conventional RT-PCR from material, 
previously characterised as NoV genogroup II by sequence analysis. The 
Grimsby set was able to amplify first round PCR products from Grimsby, and 
Lordsdaie strains and to a lesser extent Mexico and Hawaii strains (table 
3.2). For future work, it may be necessary to develop further NoV primer- 
probe sets as different common strains appear within the community.
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Sample No Sequence ID CT value
1 Grimsby 20.41
2 Grimsby 21.66
3 Grimsby 18.95
4 Grimsby 21.69
5 Grimsby 22.52
6 Mexico 32.54
7 Hawaii 31.42
8 Lordsdale 21.98
9 Lordsdale 22.95
Table 3.2 Cross-reactivity of Grimsby NoV TaqMan primer/probe sets
The 113bp product from conventional RT-PCR was amplified using the 
Grimsby NoV TaqMan primer/probe set. Reactions were judged positive 
when C j <40.
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Each initial TaqMan primer and probe set (enterovirus, adenovirus and NoV) 
was tested for quantitative response using a serial dilution of the appropriate 
virus/faecal samples prepared by standard methods (Lees et a/., 1994) The 
extracted nucleic acid was then reverse transcribed and the cDNA amplified 
by Taqman. The results (figure 3.9) show that the CT value derived in the 
TaqMan correlated with virus dilution in each case. The undiluted samples of 
poliovirus 1 and adenovirus 41 contained 9.3 x 104 pfu and 3.67 x 104 pfu/2pl 
respectively. As expected, the CT values for each varied in accordance to 
the amount of initial template present with poliovirus commencing 
amplification approximately 2 cycles earlier than adenovirus in line with the 
relative initial concentrations of these two samples. This result may also 
indicate an efficient reverse transcription (RT) of poliovirus RNA to cDNA 
(section 3.4). NoV Grimsby strain was detected substantially later than the 
other viruses indicating lower titres of virus in the clinical material. Linear 
regression analysis demonstrated high correlation coefficient values (>0.97), 
and gradients of between -3  and -3.3 for all virus titration series indicating 
consistent assay performance. The TaqMan assay was able to detect the 
equivalent of 0!pfu/2pl of poliovirus and 0.01pfu/2pi of adenovirus (as 
determined by plaque assay in cell culture). These results indicate high 
assay sensitivity. Overall, these results suggest that the TaqMan works well 
on virus stocks producing accurate relative calibration curves. Furthermore, 
unlike competitive PCR, relative quantitation curves were not limited within a 
narrow range of target virus titre. The TaqMan assay therefore seemed more 
suitable for this project than competitive PCR, and was adopted for further 
validation and investigation.
3 .3 .2  E v a lu a t io n  o f Ta q M a n  f o r  R e la t iv e  V i r u s  Q u a n tita tio n
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Polio I
H Grimsby NV
A Valetta NV
X Adeno 40
X GA
bacteriophage
Log Dilution of V iru s Sto ck /Fa e ca l Sam p le
Figure 3.9 TaqMan calibration curves for log dilution series of faecal 
extract (NoV Grimsby strain, NoV Valetta strain) and virus stocks (adenovirus 
40, poliovirus type 1, and GA F+ bacteriophage.
Linear regression (R2) and gradient values were as follows:
Polio 1: 0.975 / -3.34, Grimsby NoV: 0.999 / -2.95, Valetta NoV: 0.999 / - 
2.957, Adeno 40: 0.990 / -2.96, and GA: 0.996 / -3.35.
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Both noroviruses and enteroviruses are RNA viruses whilst adenoviruses are 
DNA viruses. As such, NoV and enteroviruses require a reverse transcription 
(RT) step to manufacture cDNA before PCR amplification. It should be noted 
that RT is an entirely different type of enzymatic reaction to PCR (Freeman et 
al., 1999). The sole variable is the percentage of RNA transcribed into 
cDNA. Efficiency is measured by the percentage of RNA transcribed into 
cDNA. However, RT efficiency is extremely susceptible to inhibition from 
sample matrix components and efficiency can fluctuate from 5%-90%. If two 
separate reactions have equal amounts of RNA, but their RT efficiency is 
unequal, the final amounts of the amplification products (Cr value) will be 
dissimilar following PCR (Freeman et al., 1999).
Prior to initiation of work on extraction methods for environmental samples, 
the standard CEFAS RT step was evaluated for performance in the TaqMan 
by comparison with a commercially available RT kit.
RNA was extracted from a log dilution series of poliovirus 1 stock in PBS. 
The resultant RNA pellet was resuspended in 3.0p of dH20 and a 1.0pi 
aliquot of the suspension was added to the CEFAS RT reaction mix, and 
1.0pl was added to the Applied Biosystems TaqMan® Gold RT-PCR kit. The 
‘CEFAS’ aliquot was reverse transcribed as previously described (section 
2.6.1). The aliquot within the Gold RT-PCR kit was reverse transcribed using 
the following cycling parameters suggested by the supplier. 25°C for 10 
mins, 48°C for 30 mins, and 95°C for 5 mins. The resultant cDNA was 
amplified on the TaqMan Sequence Detection System 5700. The results 
given in figure 3.10 suggest no significant difference in efficiency between the 
two reverse transcription methods. Both methods had a neat Ct value of 
approximately 16 and both displayed R2 values of approximately 0.98 and 
had comparable gradients. Future work will therefore be carried out using 
the original 'CEFAS' in-house RT method for consistency of approach.
3.4 R E V E R S E  TRA N SC RIPTIO N  (RT) K IT  EVALUATION
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Log dilution of P V 1
Figure 3 .10  Comparison of Reverse-Transcription Methodology.
Poliovirus type 1 RNA was reverse transcribed using the ‘CEFAS’ (□) in- 
house RT method the PE Biosystems TaqMan® Gold RT-PCR kit (■). C j 
values for the initial dilution were comparable (15.74 Vs 15.76). Linear 
regression was performed on each dilution series. The R2 value for the in- 
house 'CEFAS' RT method was 0.974 and 0.999 for the PE Biosystems kit.
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Unlike other enteric viruses, it is impossible to quantitate NoVs by traditional 
culture methods; as such, it was necessary to adopt a molecular approach to 
quantitation for these viruses. Of the current molecular methods available, 
the fiuorogenic 5’ nuclease (TaqMan) assay was chosen for use in this study. 
TaqMan facilitates the direct (and specific) measurement of the exponential 
amplification stage of a PCR reaction. Primer and probe sets were designed 
for enteric adenovirus 40-41, human GA F+ bacteriophage, and a pan­
specific set for the detection of enteroviruses for use in the TaqMan assay. 
Owing to the high sequence diversity amongst NoV strains two sets of 
primer-probes were designed. The first set was directed against Grimsby Gil 
strain, and another for Valetta genogroup I strain. Initial studies on the 
application of the TaqMan assay using the described primer-probe sets 
indicated the assay to provide specific, reproducible, and quantifiable 
(relative) results.
In conclusion, the high sensitivity, specificity, and simplicity of the TaqMan 
assay described here suggests that it should be a suitable assay for 
monitoring the occurrence and survival characteristics of enteric viruses 
within sewage effluents and the marine environment.
3.5 SUMMARY
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C H A P T E R  F O U R
T H E  D E V E L O P M E N T  O F  E X T R A C T I O N  A N D  
D E T E C T I O N  M E T H O D S  F O R  N O R O V I R U S E S  IN 
S E W A G E  E F F L U E N T S
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Although published methods for extraction of virus from environmental 
samples prior to PCR amplification are widely available (Schwab et al., 1993, 
Straub et al., 1994; Wyn-Jones et al, 2000) few data are available on their 
application for quantitative methods such as the fluorogenic 5’ nuclease 
(TaqMan) assay. Moreover, the variety of documented approaches to virus 
concentration methodology and choice of quantitative assay details the 
difficulty of the task. It is important to note that environmental samples will 
often contain inhibitors of PCR amplification, which may be concentrated 
alongside the viruses. Residual PCR inhibitors remaining after sample 
processing are highly likely to invalidate quantitative results obtained through 
application of assays such as the TaqMan.
The initial work in this study on the application of TaqMan to the quantitation 
of virus stocks in a PBS matrix demonstrated the assay to be specific, 
reproducible and highly sensitive. It is necessary however, to investigate the 
applicability of the assay to complex environment sample matrices. The 
objective of this chapter of study is therefore to evaluate and validate a 
selection of concentration methods prior to application ofthe TaqMan relative 
quantitation assay to environmental samples such as sewage effluents.
4.2 PRELIMINARY ENVIRONMENTAL SAMPLE SEEDING STUDIES
All sewage effluents samples used throughout this chapter were obtained 
from Poole sewage treatment work (STW) and were frozen at -20°C prior to 
analysis.
To investigate the effect of sample matrix on inhibition of PCR amplification 
350pl of either crude sewage effluent or shellfish previously tested and found 
to be negative for enteric viruses were seeded with 50pl of neat or serially 
diluted NoV Grimsby virus (faecal sample '978/99'). The shellfish sample 
consisted of digestive gland extract, whilst the effluent sample had received 
no prior processing or virus concentration. Nucleic acid was extracted in
4 !  INTRODUCTION
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duplicate from each sample by the modified ‘Boom/Yamada’ methodology 
(section 2.5.3). Resultant cDNA was amplified by conventional nested RT- 
PCR and the fluorogenic 5' nuclease assay (TaqMan). A negative matrix 
control of 350pl PBS was seeded with 50pJ faecal material.
The data (table 4.1) show that amplification of virus nucleic acid from 
shellfish matrix was detectable by nested RT-PCR at a 10'2 dilution of virus. 
In contrast, the TaqMan method was only able to detect neat virus. Virus 
was not detected at all using nested RT-PCR on effluent. The TaqMan 
results for effluent displayed a negative result for the neat and 10“1 dilution, 
however a low level of virus was detected within the 10'2 dilution, indicating 
the assay to be on the limit of sensitivity. The PBS controls were all positive, 
with exception of the 10'4 dilution amplified by TaqMan. The results obtained 
demonstrated that the conventional in-house method of nucleic acid 
extraction using the modified Yamada/Boom methodology was not 
compatible with the TaqMan assay (without prior extraction/concentration of 
virus and inhibitor removal) for analysis of sewage effluent or shellfish 
samples. The following sections within this chapter will therefore address 
this problem.
Matrix
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Shellfish Crude Effluent PBS
T N T N T N
Neat 34.47 pos Neg Neg 28.82 Pos
10 -1 Neg pos Neg Neg 32.21 Pos
10-2 Neg pos 38.29 Neg 33.8 Pos
10 -3 Neg Nt Nt Nt 36.89 Pos
10-4 Neg Nt Nt Nt Neg _£OS__
Table 4.1 Inhibition of amplification using ‘Yamada/Boom’ nucleic acid 
extraction methodology on shellfish and effluent sample matrices.
RNA was extracted from serial dilutions of faecal extract containing Grimsby 
virus made in a variety of diluents (shellfish matrix extract, crude effluent 
water or PBS). Grimsby sequences were amplified (for a total of 40 cycles) 
by TaqMan (T) or conventional nested RT-PCR (N). The TaqMan results are 
displayed as a CT value and are considered positive if below a value of 40. 
Nested PCR results are considered positive if the expected amplified DNA 
band was visible on agarose gel electrophoresis. Samples in which 
amplification was inhibited relative to that in PBS are shown in bold. (Nt = 
Not Tested).
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There are a number of published methods for the extraction of nucleic acids 
from sewage and other environmental samples prior to PCR. Many of these 
could potentially be used prior to the TaqMan assay. Such methods include; 
phenoi/chloroform extraction (Maunula et al., 1999), membrane filtration 
followed by chloroform-isoamyl alcohol purification (Tsai et al., 1993) 
membrane filtration, ultracentrifugation followed by high pH elution and 
extraction using a silica capture matrix (Girones et al., 1993). The above 
three methods were evaluated and compared with a modified in-house 
method. Summary protocols for these four methods are detailed below 
(4.3!). Sewage effluents were used in this comparison since they were 
considered most likely to contain PCR inhibitors. All methods were tested for 
their performance in virus recovery and removal of RT-PCR inhibitors.
Method 1: Modification to Maunula etal., 1999
40ml of seeded sewage influent/effluent was ultracentrifuged for 60 min at 
50000 xg at 4°C. The resultant pellet was resuspended by vortexing in 10ml 
TriReagent™ containing phenol, and guanidine thiocynate (Sigma). 2ml of 
chloroform was then added and the tube vortexed for a further 2 min and 
incubated at room temperature for 10 min. The sample was then centrifuged 
at 11500 x g for 15 min at 4°C to separate the aqueous and organic phases. 
600pl of a mix containing 10ml NaAc (3M pH 6.5) and 500j.il glycogen 
(carrier) (50mg/ml) was added to 8ml ice-cold ethanol and the upper aqueous 
phase of the TriReagent ™  mix. The mixture was centrifuged at 15000 xg for 
20 min at 4°C and the supernatant removed. The resultant pellet was re­
suspended in 8.9pl of RT master-mix and reverse transcribed (section 2.6.1).
4 .3  E V A L U A T IO N  O F  M E T H O D S
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40ml of seeded sewage influent/effluent was concentrated to 4ml by 
centrifugation through a Macrosep-100 column (Flowgen) at 1000 x g. An 
equal volume of chloroform-isoamyl alcohol (24:1) was added to the 
concentrated sample. The mixture was vortexed and centrifuged at 800 x g 
for 10 min. The upper aqueous layer was removed and concentrated to 
10Opil by centrifugation through a Centricon-100 microconcentrator 
(Millipore). 60pl of a mix containing 1ml NaAc (3M pH 6.5) and 50pl 
glycogen (carrier) (50mg/ml) was added to 800pl ice-cold ethanol and 1 0Opii 
of the micro-concentrated sample. The mixture was centrifuged at 15000 xg 
for 20 min at 4°C and the supernatant removed. The resultant pellet was re­
suspended in 8.9pl of RT master-mix and reverse transcribed (section 2.6.1).
Method 3: Modification to Girones et al.. 1993
40ml of seeded sewage influent/effluent was ultracentrifuged for 60 min at 
50000 rpm at 4°C. The resultant pellet was eluted in 2ml of glycine buffer 
(0.25N, pH9.5). The mixture was then neutralised with 2ml cold PBS (double 
strength) and placed on ice for 25 min. After cooling, the sample was 
centrifuged at 5000rpm for 20 min and the supernatant was removed and 
equilibrated with 20 ml PBS (normal strength). A second ultracentrifugation 
for 60 min at 5000 rpm at 4°C was carried out and the resultant pellet re­
suspended in 2ml PBS (single strength). The suspension was split into 5 
eppendorfs of 400pl aliquots and nucleic acid extraction and reverse 
transcription was performed as outlined in sections 2.5.3 & 2.6.1 respectively.
Method 4: (CEFAS in-house) Modification to Boom etal., 1988
40ml of seeded sewage influent/effluent was ultracentrifuged for 60 min at 
50000 rpm at 4°C. The resultant pellet was eluted in 2ml of PBS. The 
Suspension was split into 5 eppendorfs of 400pl aliquots and a nucleic acid 
extraction procedure was performed as outlined in section 2.6.1
M e tho d  2 : M o d if ic a tio n  to  T s a i  e t  al.. 1 9 9 8
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4.3! Preliminary Effluent Virus-Seeding Studies
Virus recovery and evidence of amplification inhibition of each method was 
assessed using seeded samples: After thawing, 40ml of crude (untreated) 
and secondary (final) effluent were both seeded with poliovirus type 1 and 
adenovirus type 40/41 to approximate titres of 1 x 108 pfu/ml. Both RNA and 
DNA viruses were used so that any anomalies within the reverse 
transcription step could also be detected. Nucleic acid was extracted from 
each 40ml effluent sample by the methods under evaluation. cDNA was 
produced by reverse transcription using random primers (section 2.6.1). The 
cDNA samples were then serially diluted five-fold in PBS to a final dilution of 
1:3125. Samples were also analysed without seeding to detect any 
endogenous viruses that might complicate the interpretation. RNA extracted 
from both seeded and un-seeded samples was amplified for 40 cycles on the 
Sequence Detection System 5700 (TaqMan). The results of the seeding 
experiments are given in table 4.2
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Adenovirus (Ad)Type 40/41
Seeded CRUDE Seeded FINAL
CEFAS
GIRONES
TSAI
MAUNULA
21.1 (0.73)
21.1 (0.5) 
>40* (0) 
>40* (0)
20 (0.56) 
17.5 (0.23) 
22.9 (0.6) 
>40* (0)
Enterovirus (EV) (CEFAS set)
Seeded CRUDE Seeded FINAL
CEFAS
GIRONES
TSAI
MANUALA
CT 30.9 (1.2) 
CT 25.2 (0.67) 
CT >40* (0)
CT >40* (0)
CT 17.8 (0.45) 
CT 24.8 (0.52) 
CT 20.9 (0.26) 
CT >40*(0)
Enterovirus (EV) (Finland set)
Seeded CRUDE Seeded FINAL
CEFAS
GIRONES
TSAI
MAUNULA
CT 34 (1.04) 
CT 28 (0.49) 
CT >40* (0) 
CT >40*(0)
CT 20 (0.6)
CT 26.8 (0.26) 
CT 24.1 (2.27) 
CT >40* (0)
Table 4.2 Evaluation of virus recovery from four candidate sewage effluent 
extraction methods
Crude and final treated effluent were seeded with equal titres of Ad & EV, 
virus and extracted by the four methods. Resultant nucleic acid was 
amplified by the TaqMan. C j values for each virus from each effluent type 
should be approximately equal. Values are given for the mean average C j 
values for 3 replicates. The standard deviation for replicates is shown in 
brackets.
^Denotes presence of inhibition: Initial dilution of cDNA displays >10%  
deviation from linear trendline of subsequent cDNA dilutions.
Tsai and Manuala methods yielded inhibitory values. CEFAS and 
Girones methods yielded CT values which were not affected by obvious 
inhibition, however values for Ad from crude and final effluent were more 
comparable than for enteroviruses.
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Environmental samples (e.g., sewage effluents) contain potent inhibitors of 
PCR amplification. Thus, it is necessary to establish an optimum method for 
virus recovery and removal of such inhibitors before the TaqMan assay can 
be used to quantitate virus in such samples. Any residual inhibitors might 
decrease amplification efficiency and thus invalidate the quantitative aspect 
of PCR. The effect of PCR amplification inhibitors in a sample matrix can be 
demonstrated by dilution of PCR template prior to amplification, if after 
dilution the amount of template appears to rise (CT value decreases) then it 
can be deduced that inhibitors are present within the initial sample. Inhibition 
can therefore be assessed by amplifying known titres of virus seeded into the 
sample.
The Tsai and Maunula extraction methods displayed high levels of PCR 
inhibition (CT values at or near 40 and/or decrease in CT value following 
cDNA dilution) as judged by the TaqMan assay for, adenovirus 41, and 
poliovirus 1(data not shown). On the basis of these and similar data, it was 
decided to discard these two methods and confine further investigations to 
the CEFAS and Girones methods.
The un-seeded samples were also tested for enterovirus and adenovirus 
detection by all four methods. Enterovirus was not detected in any ofthe un- 
seeded samples but adenoviruses were found.
4 . 3 . 1 !  Sa m p le  M a trix  A sso c ia te d  Inh ib itio n
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The results detailed in table 4.2 also tend to confirm that sample matrix may 
have a significant impact on quantitation results. During the virus seeding 
studies both crude and final effluents were seeded with the same amount of 
virus and therefore should give the same CT values. Clearly this was not the 
case for the CEFAS extraction method with enterovirus CT values for final 
effluent being significantly lower (better recovery or better RT) than for crude 
effluents. Enterovirus values for the Girones method were more similar for 
both effluents although again final effluent values tended to be marginally 
lower. Interestingly adenovirus Ct values in crude and final effluents for both 
the CEFAS and Girones extraction methods were more similar. This may 
indicate that the adverse effect of sample matrix may be operating on the 
reverse transcription step of the process since adenovirus is a DNA virus not 
requiring the reverse transcription step. The results might suggest that the 
RT reaction is being ‘overloaded’ by total RNA particularly in crude effluent 
samples. The viral RNA may have to ‘compete’ with the total RNA content of 
the sample for availability of random primers to transcribe the RNA to cDNA, 
thus the reverse transcription was studied in more detail.
4 .3 .1 .2  V iru s  R e c o ve ry  from  Seeded E ff lu e n ts
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4.3.2 Effect of Reverse Transcription on Relative Quantitation of RNA 
Viruses
The reverse transcription (RT) step was further investigated by diluting 
nucleic acid extracted from both crude and secondary treated (final) effluent 
seeded with virus (to approximate titres of 107 pfu/ml) both prior to and after 
RT. If the RT reaction was rate limiting then samples diluted prior to RT 
should yield lower C j values (higher recovery). 40ml of crude and final 
effluent samples were seeded with adenovirus 41 and poliovirus I (to 
approximate titres of 107 pfu/ml) and amplification of viral nucleic acid 
quantified. Virus was extracted using the CEFAS and Girones methods and 
nucleic acid was serially diluted 1 in 5 in nuclease free water to a final dilution 
of 1 in 125. It was estimated that extracting 40 ml of sewage effluent equates 
to approximately 5 ml within the 2ql TaqMan reaction. Therefore the 1 in 5 
dilution of nucleic acid is expressed as ~ 1ml of sewage within figures 4.1 &
4.2.
The data (figure 4.1/4.2) clearly indicate that dilution of sample prior to 
reverse transcription gave higher C j values for enteroviruses using both 
extraction methods. This could indicate that the RT reaction is indeed 
overloaded with total RNA (or that inhibitors are still present). This may be 
because of competition for random primer sites by the large amount of total 
RNA present in the sample. This is confirmed by results for the DNA 
adenoviruses (Figure 4.2) where C j values are largely unaffected by the 
dilution prior to, or following, the RT stage. As such, the method of priming 
the RT reaction shall be assessed in more detail.
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Total se w a g e  (ml)
Total sewage (ml)
Figure 4 !  Evaluation of efficiency of RT reaction to convert RNA 
(extracted by CEFAS ‘C’ and Girones ‘G’ methods from poliovirus 1-seeded 
crude and final effluents) to cDNA. As judged by amplification of poliovirus I 
cDNA using CEFAS TaqMan primer/probe set. The nucleic acid (cDNA) in 
chart A was diluted 1:5 in dhi20 to a final dilution of 1:125 post RT and in 
chart B the nucleic acid was diluted prior to RT. The C j values in chart B are 
much lower than those in chart A indicating that dilution of nucleic acid prior 
to RT improves cDNA yield.
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Figure 4.2 Control of efficiency of RT reaction.
Adenovirus (Ad) 40/41 DNA extracted by CEFAS ‘C’ and Girones ‘G’ 
methods from Ad type 40-seeded crude and final effluents was run through a 
RT reaction. DNA was diluted prior to (chart A) and post (chart B) RT and 
amplified using Ad40/41 TaqMan primer/probe set. The C j values obtained 
were similar for each dilution method.
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4.3.2! Specific Vs Random RT Primers
To assess the efficacy of specific primers within the RT stage, duplicate 
seeded crude effluent samples (adenovirus 40/41, poliovirus 1) were 
extracted according to Girones and CEFAS methodologies. The extracted 
RNA was either transcribed with the standard RT master-mix containing 
random hexamers, or with a modified mix containing a primer specific for 
enterovirus (ENT2) (figure 2.2). Specific primers only prime a selected 
region of the viral genome, therefore their use might reduce inhibition levels. 
The 18s rRNA content ofthe sample was also amplified as a comparison.
The linear regression curves in graph A of figure 4.3 indicate that the use of 
specific primers for the transcription of poliovirus RNA extracted by the 
CEFAS method improves virus detection by lowering levels of RT-associated 
inhibition. Flowever, the Cy values from the Girones method were 
comparable with both the specific and random primers. This is consistent 
with the hypothesis that the Girones methodology removes a greater level of 
inhibition than that of CEFAS. All curves in the control graph B (Adenovirus 
40/41) are analogous indicating again that the difficulty lies within the RT 
step. The experiment was repeated on several occasions using the same 
sample matrix, however results were often confused, and no clear conclusion 
could be drawn. As such, it was decided to 'scale-up' the in-house RT 
method. All reagents were increased five fold (from 8.9 pi to 75 pi) and 
consequently the amount of cDNA template in the TaqMan reaction was 
scaled up five-fold (from 2 pi to 10 pi). To assess the modification to the RT 
method, crude effluent was seeded with NoV Grimsby strain, poliovirus I, and 
adenovirus 40/41. The RNA was extracted again by the two methods. 
Scaled-up RT mixes were compared with normal scale for both random and 
specific primers. Again, all adenovirus (control) results were comparable for 
all methods and master-mix types.
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When using specific primers, the scaled-up RT method yielded lower C j 
values for both NoV and poliovirus using the Girones method (data not 
shown). The CEFAS method failed to amplify either virus with either master- 
mix. RT step inhibition was evident when using scaled-up and normal 
random primer RT master-mixes within the CEFAS method. The Girones 
method did not display such inhibitory effects. However, marginally better 
results were obtained by scaling-up the RT reaction. As such, the Girones 
method was chosen as the final method for use in this study. The RT step 
will use scaled-up random primers, as specific primers demonstrated no clear 
improvement.
4.4 SUMMARY
The evaluation and validation of virus/nucleic acid extraction methodologies 
was a critical first stage in this project, prior to application of the adopted 
TaqMan assay to environmental samples such as sewage effluents and 
marine waters. To address this issue, four purification/extraction procedures 
for virus/nucleic acid concentration were evaluated and a method has now 
been chosen and optimised for use with the TaqMan assay. The chosen 
method is based on that reported by Girones et al., (1993). The procedure 
concentrates viral particles, which are associated with organic sediment in 
the effluent sample by ultracentrifugation. The viral particles are eluted from 
the sediment pellet by a glycine buffer at a high pH. As the method was 
originally adapted for the extraction of DNA adenoviruses, it was not known 
whether ssRNA would be able to withstand such a high pH. Seeding study 
results have demonstrated good enterovirus recovery with this method 
(indicating that enterovirus virions can survive the extraction procedure).
Following virus seeding experiments, the amplification of RNA extracted by 
the Girones method yielded lower C j values, indicating higher recovery from 
crude effluent matrices than the CEFAS method and was less influenced by 
sample matrix. In these respects, the Girones method appeared to be more 
suitable as a sample processing method. However, the samples prepared by
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this means appeared to be inhibited during reverse transcription (RT). 
Evaluation of the RT stage has shown the utilisation of random primers at a 
high concentration yields optimal results possibly by decreasing overall 
competition for annealing sites within the RNA. The scaled up RT step in 
conjunction with the Girones methodology yielded quantitation data, which 
was not affected by sample matrix effects (RT-PCR inhibition). It is 
imperative that the chosen method minimises such effects that could 
ultimately invalidate any quantitative data. Scaling up the RT step five-fold 
also permitted the inclusion of five-fold more template cDNA in the 
fluorogenic 5’ nuclease assay. This proved useful, as the pipetting of higher 
volumes of template appeared to decrease the standard deviation between 
sample replicates (data not shown).
The Girones extraction method evaluated within this chapter will be applied 
to the sewage effluent sampling program, which will be carried out 
simultaneously for both relative-quantitative analysis (TaqMan assay), and 
conventional nested RT-PCR. The nested RT-PCR will detect other NoV 
strains as the pan-specific NoV primer sets in this assay can amplify a whole 
range of virus strains from both NoV genogroups. Positive RT-PCR 
amplicons will be further characterised by nucleotide sequencing to monitor 
currently circulating NoV strains within the environment.
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C H A P T E R  FIVE
N O R O V I R U S  O C C U R R E N C E  IN C R U D E  S E W A G E  
E F F L U E N T S  A N D  T H E I R  I N A C T I V A T I O N / R E M O V A L  
D U R I N G  B I O L O G I C A L  T R E A T M E N T  P R O C E S S E S
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5.1 INTRODUCTION
All STWs utilise a system of biological processes to treat the raw/crude 
influent received at the works. These systems can be split into three stages. 
The first is preliminary treatment whereby large solids are removed from the 
influent by screening. The influent is then returned to the sewage flow, and 
consequently receives primary treatment. Primary treatment removes debris 
from the crude influent and separates the water and sludge phases by 
sedimentation. The final biological process is secondary treatment whereby 
aerobic microorganisms are utilised to catabolise organic matter within the 
effluent. The physical differences in effluent type can be seen in Figure 5.1.
5.2 SEWAGE TREATMENT WORKS (STWs)
Three coastal sewage treatment works (STW), serving large urban 
populations (Bournemouth (Holdenhurst), Chichester, and Poole) were 
chosen for inclusion in the monitoring programme. The three sites were 
chosen to have stages representative of a primary treated effluent and a 
good quality secondary treated effluent. Each STW was representative of a 
different type of the most common forms of secondary treatment; activated 
sludge, trickling filter, and biological aerated filtration (BAFF) respectively.
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Figure 5 !  Samples of screened crude, primary treated and secondary
(final) treated effluents
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Chichester STW utilises two different secondary treatments the percentage 
of effluent flow is split into 20% to the activated sludge (AS) process and 80% 
to trickling filter (TF). AS treatments utilise a carpet of sludge particles 
containing aerobic bacteria that metabolise organic material to carbon 
dioxide and nitrates. TF is a biological filtration system containing a biofilm of 
microorganisms. A stream of primary treated effluent is trickled over the 
biofilm and the organic material is metabolised. 30, 000-50,000 residents of 
the local population is served by Chichester STW. The flow rate for full 
treatment of effluent at the primary stage is 2-7 litres/sec, and the flow rate of 
the entire plant (based on winter levels) is 6 mega gallons/day. An aerial 
map of the works and points selected for crude, primary and secondary 
sampling can be seen in figures 5.2, 5.3, 5.4, 5.5 respectively.
The retention times for effluent throughout the plant are as follows:
5 .2 .1  C h ic h e s te r  S T W
DRY (hrs) WET (hrs)
1° Tanks 6-8
2° Tanks 0.5
Final settlement 0.5
tanks(humus)
TOTAL 12 4-5
5.2.2 Poole STW
Poole STW also utilises two secondary treatment processes and the flow is 
split so that 60% of the effluent receives BAF treatment (Biological aerated 
filtration) and the remaining 40% receives CAS treatment (Chemical 
activated sludge). Samples were taken from the BAF stream whereby the 
treatment is similar to AS. BAF uses a set of modular media blocks that 
aerobic bacteria colonise. The oxygen is supplied by a linear low-pressure 
compressor via porous membranes, known as diffusers beneath the media 
bed. Again as with other biological treatments the bacteria metabolise the 
organic material to harmless by-products.
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The population served by Poole STW is estimated to be 125,000 residents 
rising to 175,000 in the summer, due to the influx of tourists in this season. 
An aerial map of the works and points selected for crude, primary and 
secondary sampling can be seen in Figures 5.6, 5.7, 5.8, 5.9 respectively.
5.2.3 Holdenhurst STW
Holdenhurst STW utilises an activated sludge plant. Improvements to the 
design of the works means that 66.6% of the effluent flow is directed to the 
old AS plant and the remaining 33.3% goes to the new AS plant. The 
effluent samples used in this study were taken from the new stream.
The levels ofthe population served by Holdenhurst STW are similar to that of 
Poole STW with some 125,000 residents within the winter period rising by 
50,000 for the summer season.
The total flow of effluent through the plant under dry conditions is 83 mega 
litres/day, rising to as much as 246 mega litres/day under wet conditions.
An aerial map of the works and points selected for crude, primary and 
secondary sampling can be seen in Figures 5.10, 5.11, 5.12, 5.13 
respectively.
The retention times for effluent throughout the plant are as follows:
DRY (hrs) WET (hrs)
1o Tanks 4-6 1-2
2o Tanks 8-10 2-3
Final settlement
tanks(humus) 4-5 1-2
TOTAL 18-20 4-5
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Chichester W TW  -  location of UW W TR sample points
Figure 5.2 Chichester STW site plan, indicating sample points
F ig u r e  5 . 3  C h ic h e ste r S T W :  Sc re e ne d  crude e ffluent sa m p le  point
149
Figure 5.5 Chichester STW: Secondary treated effluent sample point
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F ig u re  5 .6  Poole STW  Site Map
Figure 5.7 Poole STW: Screened crude effluent sampling point
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Figure 5.9 Poole STW: Secondary treated (final) effluent sampling point
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Figure 5.11 Holdenhurst STW: Screened crude effluent sampling point
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Figure 5.13 Holdenhurst STW: Secondary treated effluent sampling point
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5.3 FIELD SAMPLING
Screened crude, primary treated effluent, and secondary treated effluent 
samples were collected (Poole/Holdenhurst) or received (Chichester) over a 
one-year period (September 2001-September 2002) from the sampling points 
outlined in section 5.2. Samples were taken on a fortnightly basis, tapering 
to monthly in the summer (May-August)
One-litre samples were obtained by dip sampling (filling a container held just 
beneath the surface of the effluent). All samples were processed (sections 
4.3/ 2 .6 .1 .1) within 12 hours of collection and stored at 4°C .
5.4 PCR/TAQMAN AMPLIFICATION
All effluent samples were analysed for enterovirus and F+ bacteriophage GA 
presence by TaqMan analysis. In addition, NoV presence was also analysed 
by conventional nested R T-PC R . Essentially, the 75pl of cDNA from each 
40ml effluent sample (2 .6 .1 .1) was split into 10pil aliquots (in duplicate) for 
each virus to be amplified by the TaqMan (2.9.2). 10pil of remaining cDNA 
was made up to a 15pl volume by the addition of a 1:1 ratio mix of ‘R T T  and 
‘R T2 ’ master-mixes (minus reverse transcriptase) and used for nested-PCR 
amplification (2.6.2). Each assay thereby utilised comparable volumes of 
cDNA.
in addition, each 10pl cDNA aliquot was diluted 1:5 with nuclease-free water 
prior to amplification. Dilution of cDNA generated larger samples volumes, 
which could be stored at 4°C (If sample re-testing was necessary due to 
assay failure). Future work on the development of new primer-probe sets for 
the detection of more current circulating strains of NoV may also be 
performed on the stored cDNA. A flow diagram of sample processing is 
displayed in figure 5.14
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40ml EFFLUENT
Virus extraction/ 
Reverse 
Transcription
75jiL cDNA
V
TaqMan
10jixl + 5j.il RT  
MIX
Diluted 1:5 (H20)
V
Nested-PCR
F ig u re  5 .1 4  Flow diagram of sewage sample processing highlighting the 
division of equal amounts of diluted cDNA into the TaqMan and nested-PCR
assay
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From each 40ml effluent sample, 1.06ml of the sample was estimated to be 
present within the TaqMan/Nested-PCR cDNA template. However, this 
calculation is based on the assumption that the virus extraction procedure 
from sewage yields a 100% recovery of sample. The calculation was 
performed as follows:
40ml effluent 75jllI c DNA (10j.i I used)
75/10 = 7.5 
40/7.5 = 5.43 ml
But diluted 1:5, thus 5.43/5 -1 .086 ml effluent in each amplifcation.
For ease of comprehension the relative quantitative TaqMan data obtained 
within this chapter shall be expressed as P C R  Detectable Units (pdu) per ml 
of effluent. It should be noted that ‘pdu’ is expressed only as a theoretical 
term. Relative quantitation was determined by a preliminary analysis of C j 
values obtained for each virus within each effluent sample analysed. Sample 
number was plotted against CT value and the uppermost (non-negative) C j 
value determined. This Cy value was designated as the limit of assay 
sensitivity (LO S). A plot was drawn for each virus and the limit of sensitivity 
determined as follows (figure 5.15); Grimsby NoV (45.46), Valetta NoV 
(48.2), Enterovirus (45.56), GA phage (47.13).
To transform C T  values into log pdu/ml the equation of the linear regression 
line was utilised,
y  -  m x  +  c
(where m  is the gradient of the line, and c is the y intercept value/LOS) and 
was arranged as follows to permit calculation of the slope of the graph:
Log pdu = (C t value -  LO S) 
m
The gradient for each virus was derived from viral/faecal stock calibration 
curves (figure 3.9).
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In addition to molecular analysis of viruses, faecal indicator organisms E.coli 
and F+ bacteriophage were analysed by viability methods for comparative 
purposes as described in sections 2.4.3.1 and 2.3.4.1 respectively.
5.5 R E S U L T S
5.5.1 Organism  O ccurrence and Corresponding T itre s w ithin Effluents
The data in figure 5.16 and table 5.1 displaying the average log transformed 
titres of bacteria and viruses per ml from positive effluent samples (as 
analysed by TaqMan to be CT <50) from the three STW s monitored indicates 
that enteric viruses (notably Grimsby NoV) are prevalent in high titres within 
crude effluent. Of highest prevalence within crude effluent was the bacterial 
faecal indicator E.coli (4.66 log cfu/ml). The viral titres within the same 
effluent varied, Grimsby NoV and F+ phage displayed similar high titres of 
3.38 log pdu/ml and 3.84 log pfu/ml respectively. Valetta NoV displayed the 
lowest titre (2.36 log pdu/ml) within crude effluent. Titres of Grimsby and 
Valetta NoV, and GA phage increased marginally from screened crude to 
primary treated effluent. Th is may be due to the nature of primary treatment 
process, which could release those viruses attached to other viruses or 
particulate matter. Although each organism on average displayed a 
decrease in titre from primary to secondary treated effluent, it should be 
observed that the titre of all organisms and again notably Grimsby NoV with 
the highest titre of 2.31 log pdu/ml, remained relatively high in the secondary 
treated effluent. It is also worthy of note that on average the titre of F+ 
bacteriophage in each effluent type (as determined by a viabilty assay) was 
very similar to that of GA F+ phage, detected by the molecular TaqMan 
method. Indeed, within final effluent the average titres of F+ phage, and GA 
F+ phage were almost identical (1.94 log pfu/ml and 1.74 log pdu/ml 
respectively. This may indicate that the data obtained by molecular methods 
is biologically meaningful.
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The data in figure 5.17 and table 5.2 displaying the average percentage of 
samples termed positive by TaqMan analysis from all the STW s shows that 
the indicator organisms (E.coli and F+ phage) were present in all samples 
analysed. Grimsby NoV tested positive in 96% of the 44 samples of crude 
effluent taken from the three STW s monitored. Comparable percentages 
(91, 81%) were calculated for EV  and GA bacteriophage respectively. 
However, Valetta NoV was far less common being present in only 58% of the 
36 samples analysed for this virus.
The breakdown of the averaged data shown in table 5.3 for Chichester, 
Poole, and Holdenhurst STW s respectively indicates that the indicators were 
100% positive in all effluent samples from each STW . Grimsby NoV tested 
positive in 100% of the crude effluent samples from Poole and Holdenhurst, 
and declining to 86% positivity at Chichester STW . However, the average 
titre of Grimsby NoV was higher at Chichester STW  at 3.71 log pdu/ml 
compared to 3.00 and 3.43 log pdu/ml at Poole and Holdenhurst. It is 
interesting to note that Grimsby NoV was present in 93% of the 16 final 
(secondary) effluents samples tested from Chichester STW . A preliminary 
indication of the efficiency of the individual STW s can be estimated as 
Holdenhurst has a much lower percentage of samples positive for Grimsby 
NoV (58%) in the 14 samples of secondary effluents tested.
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5
F+ phage E.coli EV Grimsby Valetta GA
F ig u re  5 .1 6  Organism titres averaged across all STW s.
C ru d e_________Prim ary_________S e c o n d a r y
F+ p h a g e  (pfu/ml) 3 .8 4 3 .6 0 1 .94
E.coli (cfu/ml) 4 .6 6 4.51 1 .9 8
EV (pdu/ml) 2 .9 4 3 .2 0 2.01
G rim sby  (pdu/ml) 3 .3 8 3 .5 3 2.31
V aletta  (pdu/ml) 2 .3 6 2 .4 3 1.51
G A  (pdu/ml) 3.01 3 .0 4 1 .75
T a b le  5.1 Organism titres (logs) averaged across all STW s. Indicating the 
high average titre of Grimsby NoV within secondary treated (final) effluent.
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F+ E.coli EV  Grimsby Valetta GA 
phage
F ig u re  5 .1 7  Percentage of samples positive by TaqMan analysis averaged 
from all STW s. Indicating the high prevalence of F+ phage, E.coli and
Grimsby NoV.
Crude Primary Secondary
% Titre % Titre % Titre
F+ phage 100 3.84 100 3.60 100 1.94
E.coli 100 4.66 100 4.51 100 1.98
EV 91 2.94 91 3.20 62 2.01
Grimsby 96 3.38 93 3.53 75 2.31
Valetta 58 2.36 67 2.43 58 1.51
GA 81 3.01 78 3.04 53 1.75
T a b le  5 .2  Percentage of samples positive averaged from all STW s
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Crude Prim ary Secondary
% Titre % Titre % Titre
F+ phage
100 3.61 100 3.24 100 2.36
E.coli 100 4.59 100 4.27 100 1.86
EV 93 3.01 86 2.75 64 2.01
86 3.71 93 3.45 93 2.82G rim sby
67 1.80 83 2.55 83 1.12Valetta
G A 75 2.85 75 2.65 75 1.26
Crude Prim ary Secondary
% Titre % Titre % Titre
F+ phage 100 3.92 100 3.76 100 2.32
E.coli 100 4.64 100 4.51 100 1.88
EV 88 2.74 94 3.52 69 2.14
G rim sby 100 3.00 94 3.42 81 2.39
Valetta 50 3.19 50 2.50 50 2.02
G A 92 2.83 75 3.24 42 1.65
Crude Prim ary Secondary
% Titre % Titre % Titre
F+ phage 100 3.40 100 3.79 100 1.14
E.coli 100 4.74 100 4.74 100 2.19
EV 93 3.06 93 3.34 58 1.87
G rim sby 100 3.43 100 3.73 58 1.71
Valetta 58 2.10 67 2.25 42 1.40
G A 75 3.34 83 3.24 42 1.65
T a b le  5 .3  Percentage sample positives and corresponding average titre of 
F+ phage (pfu/ml), E. coli (log cfu/ml), and viruses (log pdu/ml). Data is 
shown for each effluent type from a) Chichester, b) Poole and c) Holdenhurst 
STW s.
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It must be noted that the data gathered by dip sampling in this study does not 
take into account the plug-low rates of the STW s, i.e., the retention time of 
the effluent at each stage of treatment. However, a more representative 
sampling regime is not possible as it would involve isolating a single stream 
of influent/effluent throughout the process.
The data for the average reduction in transformed log titres per organism, 
from primary to secondary treated effluent, derived from the STW s data as a 
group is displayed in figure 5.18 and table 5.4. The data illustrates that E.coli 
was removed most efficiently from primary effluent with an STW  average of 
approximately 2.5 logs, EV  was second with an average of 1.823 logs. 
Valetta NoV was removed least efficiently with an average of 1.301 logs, 
however this may be due in part to the lower titres of Valetta found in the 
effluents analysed. Interestingly, log reduction data from the candidate 
faecal indicator organism; F+ phage (1.544 logs) was similar to that of GA 
bacteriophage (a different serotype of the same F+ phage) and the pathogen 
of interest, norovirus (Grimsby and Valetta strains) with average log 
reductions of 1.351 for GA, and 1,376 and 1.301 logs for Grimsby and 
Valetta NoV.
When looking at efficiency of the STW s individually as displayed in Figure 
5.19 it can be seen that Holdenhurst STW  data generally displays higher log 
reduction values for all viruses, (notably for Grimsby NoV) than the other two 
STW s. The statistical package, SA S  8.2 was used to analyse data (under 
the guidance of E . Arnold, statistics unit, HPA, UK) for the reduction in 
transformed log titres of F+ phage and E.coli from primary to secondary 
treated effluent. Preliminary tests for normality showed that data could be 
considered normally distributed. Statistical analysis is not available for the 
TaqMan-derived values of the viruses, as the data was non-normally
5.5.2 Log Reduction Data
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distributed, and could not be compared with relatively simple statistical 
procedures such as ANOVA.
ANOVA was used to test for any differences in log reduction between sites 
and between seasons. No significant differences between sites or between 
seasons for reduction of log-transformed counts were evident for E.coli 
(p=0.9673). However, F+ phage reduction of log transformed titres varied 
significantly between sites (p<0.0001) and between summer and winter 
seasons (p=0.0078). These data may indicate that the treatment processes 
present at Holdenhurst STW  (activated sludge) are working to a higher 
efficiency than those within Poole (BAF) and Chichester (trickling filter) 
STW s. No distinction in STW  efficiency can be seen with regard to E.coli 
reduction values between the three works.
The log reduction data for E.coli was on average the highest compared to the 
viruses, however this was not true of Holdenhurst STW  where F+ phage, and 
Grimsby NoV were removed by 0 ! 0  and 0.33 logs more respectively.
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F ig u r e  5 .1 8  Log reduction values from post primary to post secondary 
treatment for each organism averaged from all STW s.
The data highlights the higher average log value for the reduction of E.coli in 
comparison to the other organisms studied.
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a  Chichester 
1  Poole 
□  Holdenhust
E.coli F+
phage
EV Grimsby Valetta GA
F ig u re  5 .1 9  Log reduction values of all organisms from post primary to
post secondary treatment.
Data is shown for each STW , and indicates the higher efficiency of 
Holdenhurst STW  with reference to microrganism reduction.
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C h ic h e s t e r P o o le H o ld e n h u r s t  AveraQe
E .c o li
2 .4 8 7  (0.61) 2 .6 3  (0.83) 2 .5 5 2  (1.39) 2 .4 0 3  (0.52)
F +  p h a g e 0 .8 8 5  (0.62) 1 .4 4 8  (0.52) 2 .6 4 8  (0.61) 1 .5 4 4  (0.49)
E V 1 .6 3 9  (1.32) 1 .9 1 2  (0.94) 2 .3 3 0  (1.11) 1 .8 2 3  (0.94)
G r im s b y 1 .2 7 0  (1.07) 1 .2 1 3  (1.24) 2 .881  (1.32) 1 .3 7 6  (0.98)
V a le t t a 1 .2 2 0  (0.95) 1 .2 3 0  (0.91) 1 .3 7 5  (0.87) 1.301 (0.65)
G A 1 .5 9 9  (1.37) 1 .4 1 4  (1.12) 1 .3 2 7  (1.77) 1 .351 (1.01)
T a b le  5 .4  Log reduction values of all organisms from primary to post 
secondary treatment
Values are shown for each STW  and the average reduction is shown (blue) 
for each organism from all STW s. E.coli displays the highest log average 
reduction, and comparable average values are seen for virus reductions.
(Bracketed values indicate standard deviation of data set)
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Figure 5.20 details the occurrence of Grimsby and Valetta NoV, EV  and GA 
phage on a monthly basis in crude, primary and secondary treated effluents 
averaged from all STW s. Within crude effluent, Grimsby NoV appeared to 
display a strong seasonality, with viral titres rising throughout the winter 
months from September, peaking within March, and declining sharply from 
March to August. Levels of EV  appeared to fluctuate throughout the year 
and no seasonal pattern could be identified. The data for Valetta NoV and 
GA phage also showed a less distinct pattern, however both viruses were not 
detectable within the summer month of August. Valetta NoV was of a lower 
average titre within crude effluent, with titres often near the limit of sensitivity 
of the assay, which may explain why this virus did not follow same pattern as 
Grimsby NoV. In addition, it should be noted that the sampling period for 
Valetta NoV and GA phage (within all effluents) was over a shorter period of 
time (January to August) than the other viruses (September to August).
The seasonality of virus occurrence in primary treated effluent was also 
examined. The occurrence of Grimsby NoV displays a similar pattern to that 
of the crude effluent, however within primary effluent the virus increased in 
titre from December to January, where the titre plateaued until May, whereby 
the levels decreased dramatically until the end of the sampling period in 
August. EV , Valetta NoV, and GA phage levels appeared again to fluctuate 
throughout the year.
Within secondary treated effluents Grimsby NoV titres increased from 
September until peaking at their highest level in January. From January to 
July, Grimsby levels fluctuated, however the lowest titre was recorded within 
August. As with the other effluent types, EV  levels fluctuated throughout the 
sampling programme, however the lowest titres were present in August. 
Levels of Valetta NoV fluctuated until a peak was observed in April, after 
which levels dropped, and by May had reached the limit of sensitivity of the 
assay and remained at this level until the end of the sampling programme in
5.5.3 Seasonality of Organism Occurrence
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August. GA phage followed a similar pattern to Valetta NoV, however levels 
peaked within May, and dropped to the limit of assay sensitivity in June and 
remained undetectable for the rest of the sampling programme.
Figure 5.21 presents the occurrence of faecal indicator organisms (E.coli, F+ 
bacteriophage) in each of the effluent types, averaged from all three STW s. 
No pattern of seasonality can be detected for either organism in any effluent 
type. However, levels of each organism appeared on average to rise from 
the commencement ofthe programme towards the end.
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—♦—- Grimsby NV
-m --Valetta NV
—A --EV
—A—-G A
Grimsby NV
Valetta NV
—A— EV
—A— GA
—♦— Grimsby NV
—■— Valetta NV
—A— EV
GA
F ig u re  5 .2 0  Virus (EV , Grimsby NoV, Valetta NoV) occurrence in a) crude, 
b) primary treated and c) secondary treated effluent
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-♦— F+ crude 
-■— Ecoli crude
-♦— R-primary 
Ecdi primary
R-secondary 
Ecdi secondary
F ig u re  5 .21  Seasonality of indicator occurrence averaged from all STW s 
within (a) crude, (b) primary, and (C ) secondary treated effluents
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The occurrence of EV , Grimsby NoV, Valetta NoV, and GA phage within 
crude effluent was examined from each STW  and the results are shown in 
Figures 5.22. Presence of a seasonal occurrence of EV , Valetta NoV, and 
Grimsby NoV was more pronounced at Chichester and to a lesser extent 
within Holdenhurst STW . No season pattern could be discerned from Poole 
STW  data. In contrast to the titres averaged from all STW s the titres of EV  
within crude effluent at Chichester STW  were at the lowest in September, 
and increased, until reaching a peak in December, whereby they then 
fluctuated until reaching the limit of assay sensitivity in August, in addition 
levels of Valetta NoV at Chichester STW  where highest at the start of the 
sampling period (January) and gradually decreased until April where the limit 
of assay sensitivity was reached, and remained at this level until sampling 
terminated.
Within crude effluent at Holdenhurst STW , Grimsby NoV again displayed a 
strong seasonal occurrence, with titres rising in winter and decreasing in the 
summer. However, the other organisms monitored at this site showed no 
such pattern.
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a
Grimsby NV
Valetta NV
EV
GA
F ig u re  5 .2 2  Average monthly occurrence of virus in crude effluent within a) 
Chichester STW , b) Poole STW , and c) Holdenhurst STW
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In addition to examining the potential seasonality of organism occurrence 
within effluents, log reduction data was examined in order to ascertain 
whether season had an effect on the efficiency of sewage treatment 
processes. The data displayed in figure 5.23 and table 5.5 shows log 
reduction values of indicator organisms (F+ phage and E.coli) and viruses 
(EV , Grimsby NoV, and Valetta NoV) from primary to secondary treated 
effluent, averaged from each STW  and presented on a monthly basis.
No evidence of a seasonal effect on the efficiency of the sewage treatment 
process was observed for E.coli, F+ phage, Grimsby NoV and EV . However, 
Valetta NoV appeared to be reduced more efficiently within the summer 
months of May to August.
The three STW s were also examined separately for evidence of season 
effects on virus and bacterial reduction efficiency. The results are displayed 
in figure 5.24. Chichester STW  previously displayed the lowest log reduction 
values for all E.coli in comparison to Poole and Holdenhurst STW s (table
5.4), but during the warmer summer months (April to August) reduction 
values of over 3 logs were documented for E.coli. Reduction values for 
Grimsby NoV also increased at this site during the summer months. At Poole 
and Holdenhurst STW , reduction levels of all 3 organisms were seen to 
fluctuate throughout the year, with the exception of F+ phage reduction at 
Poole STW , in which efficiency appeared to remain constant at 
approximately 1.75 logs throughout the year, with the exception of a lower 
efficiency in September (0.5 logs).
5.5.4 Seasonality of Sewage Treatment Efficiency
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■ E.coli
■ F+
□  EV
■ Grimsby NV
■ Valetta NV
F ig u re  5 .2 3  Average monthly log reductions 
Values were averaged for all STW S and displayed for E.coli, F+ phage, EV , 
Grimsby NoV, and Valetta NoV. Indicating increased efficiency of Valetta 
NoV during summer months.
se p t n ov d e c jan fe b m ar apr m ay  jun jul au g
E . c o l i 3.07 1.63 1.85 2.45 2.34 2.28 2.15 3.26 2.85 2.63 3.08
F+ 2.20 0.65 1.42 1.59 1.32 1.41 2.16 1.67 1.82 1.43 1.87
EV 2.10 0.88 1.35 3.34 0.95 2.64 1.13 1.83 2.07 1.25 2.70
G rim sby
N oV 2.82 1.47 0.39 1.67 0.85 1.49 0.54 1.60 3.10 1.36 0.71
V aletta  N oV 1.05 0.83 1.25 0.78 2.48 0.00 1.98 2.03
T a b le  5 .5  Average monthly log reductions 
Values were averaged for all STW S and displayed for E.coli, F+ phage, EV , 
Grimsby NoV, and Valetta NoV.
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F ig u re  5 .2 4  Average monthly log reduction values of E.coli, F+ phage and 
Grimsby NoV taken from a) Chichester, b) Poole, and c) Holdenhurst STW s
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5.6.1 Sequence A n a ly s is
All positive amplicons generated during this study were cloned and 
sequenced to confirm the nested R T-PC R  positives and investigate further 
the type and diversity of NoV strains contaminating the effluent. Of the 
samples analysed those confirmed by sequence analysis (the large majority) 
are shown in tables 5.6 and 5.7.
Some samples would not sequence due to difficulties associated with 
obtaining sufficient template DNA for sequencing when viral levels were low. 
No sequence was obtained from non-NoV amplicons.
There is a diversity of strains circulating in the environment and community, 
many of which could be in sewage effluent. It is therefore highly possible that 
any sewage effluent will contain more than one NoV strain. Nested R T-PC R  
results obtained in previous studies on shellfish samples showed the 
existence of both genogroups, which yielded positive P C R  amplicons with 
both primer sets. A minimum of 5 clones from each nested R T-PC R  
amplicons were sequenced to access the potential of cloning more than one 
target sequence. If all clones from the nested R T-PC R  product produced the 
same sequence following alignment a consensus sequence was generated. 
Clones from the same R T-PC R  product giving different sequence data were 
processed separately. Alignments were performed using the Megalign™ 
components of the Lasergene Software (DNAStar, UK).
5.6.2 Type and D iversity  of NoV stra in s
5.6.2.1 NoV strain identification
NoV sequence obtained from confirmed positives was investigated to identify 
the type and diversity of NoV strains. The locations of forward and reverse 
primers were identified for each sequence. The primer sequences were then
5.6 N o V  N E S T E D  R T - P C R  P R O D U C T  A N A L Y S I S
178
removed and the internal sequence of approximately 78 nucleotides was 
studied. NoV Sequence data was compared within a database of published 
nucleotide sequences within the RNA polymerase region of the NoV O RF1, 
obtained from the international EMBL-Genbank database and clinical 
isolates. Alignment comparison with a small sub-section of published 
sequences enabled determination of strain Genogroup (l or II) and, in some 
cases provided identification. However for other strains comparison with 
previous clinical isolates was necessary, and for other less prevalent strains 
a ‘blast search’ was executed within the entrez-nucleotide website 
(www.ncbi.nlm.nih.gov). to determine strain identification. A phylogenic tree 
illustrating the genetic relationships of isolates with published and clinical 
isolates are shown at the nucleotide level in Figures 5.25 and 5.26. The tree 
is based on the alignment of 78 nucleotides within the RNA polymerase 
region of the NoV genome.
The total number of individual strains isolated from aii sewage treatment 
works to date are 10 Genogroup I strains and 24 Genogroup II strains. A 
divergence/similarity plot (data not shown) was generated from the Megalign 
pile-up of the sequences. The majority of strains could be identified to the 
95% or greater level of homology, (Table 5.6, 5.7 column 6). Strains with 
<95% homology to any strain were not assigned an identity.
Although the results suggest that genogroups I strains were predominant 
throughout the study period, they were much more diverse some being 
isolated on only one occasion. With regard to the Genogroup i strains the 
predominant strain was Valetta which was isolated from all 3 works on more 
than one occasion reinforcing the correct choice of Gl TaqMan primer and 
probe set. Such strain diversity does however reinforce the need for broadly 
reactive genogroup specific TaqMan primer and probes. In addition, it can 
be assumed that estimates of viral titres within effluents are therefore under 
estimated, and that the prevalence of NoV may indeed be higher than stated 
in this thesis. It can be noted that when a TaqMan result for Gl was negative, 
the sequence ID was non-Valetta. However, on one occasion a non-Valetta
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ID (Potsdam) was recorded, but the corresponding TaqMan CT value (CT 45) 
was positive for Valetta. This may be due to the presence of mixed strains of 
NoV within the effluent and Potsdam being the predominant strain, thereby 
decreasing the likelihood of isolating Valetta within a clone for sequencing. 
All Gl strains isolated from Poole harbour were in fact Valetta. (Table 6.6) 
Interestingly six Gl strains had never previously been isolated in the C EF A S  
laboratory. One strain from Holdenhurst secondary effluent and one from 
Chichester secondary effluent had 97% homology with a strain, which had 
been detected in an NoV, associated outbreak caused by drinking water in 
Finland. One Holdenhurst crude sample and one Chichester secondary 
sample was identified (94% and 98% respectfully) as Hamburg another 
unusual strain. Additionally three samples from Chichester (crude primary 
and secondary) were confirmed as Potsdam strain, another German strain 
(Table 5.6).
With regard to the Genogroup II strains isolated from the treatment works 
these were divided between equally between Grimsby and Harrow which has 
become an extremely common strain circulating around Europe for the 
previous few years and may become the most common circulating Gil strain 
rather than Grimsby. Only one isolate from Holdenhurst had a closer 
homology to Murl strain (90%)
Samples from individual effluent samples were found to contain both 
genogroups or more than one strain within a Genogroup (tables 6.6, 6.7). A 
sample of crude sewage from Holdenhurst on 22/9 contained Valetta (G l) 
and Harrow (G il). Similarly, a sample of secondary effluent from Holdenhurst 
taken on the same day contained a Harrow (G il) isolate and a Valetta (G l) 
and a sample of secondary effluent from the same works taken on the 8/4 
contained two genogroups II isolates Harrow and Murl.
Chichester crude effluent sampled on 8/5 contained a Gl Valetta and Gil 
Grimsby. Secondary effluent from Chichester contained three Genogroup I 
isolates in the one sample. Likewise, Poole had a crude sample with a Gl
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(Valetta) and a Gil Grimsby and a primary effluent sample from 20/9 with a 
Gl (Valetta) and a Gil (Grimsby). The co-existence of two genotypes has 
been detected in stool samples and in studies on oyster samples both from 
harvesting areas and associated with shellfish related viral outbreaks both in 
this laboratory (C E FA S , UK) and by other workers (Sugieda et al., 1996).
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Chichester 8/5 crude 
Holdenhurst 20/9 primary 
—  Grimsby (clinical UK)
Pooie22/1 crude 
Holdenhurst 20/2 secondary 
Lordsdale (X86557)
Muril-1997-JP (A0O19269).seq 
—  Hoidenhurst 8/4 secondary 
Poole 20/9 crude 
—  Holdenhurst 8/4 secondary 
Holdenhurst 20/9 secondary 
Holdenhurst 20/9 crude 
L Harrow.SEQ 
Richmond.AF414419
29.5.
Mexico (U22498)
25 20 15 10 5
Nucleotide Substitutions (x100)
F ig u r e  5 .2 5  Phylogenetic tree showing genetic relationship between 
Genogroup II NoV strains isolated from crude, primary and secondary treated 
effluents in comparison with representative clinical and published strains at 
the nucleotide level.
The phylogenetic tree was generated using the Ciustal V algorithm within 
MegAlign (DNA Star inc). The tree is based on the alignment of 
approximately 80 nucleotides within the NoV RNA polymerase excluding 
P C R  primers.
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r  Holdenhurst 20/9 crude 
Poole 20/9 primary 
NLV Luton 1999 UK-1 
Chichester 27/2 primary 
Poole 5/3 primary 
Poole 25/3 primary 
Poole 22/1 crude 
Poole 20/9 crude 
Holdenhurst 20/9 secondary 
Holdenhurst 5/2 secondary 
- Chichester 8/5 crude 
Chichester 13/3 crude 
Valetta .SEQ 
L Poole 7/5 secondary 
Poole 25/3 crude
 I Holdenhurst 7/5 crude
' Chichester 12/2 crude
  Holdenhurst 22/1 secondary
Chichester 12/2 secondary 
—  Holdenhurst 22/1 secondary
   AJ243787 (Von Borsdoff drinking water)-
i— Hamburg AF312523-1
-------------------------   "L Chichester 12/2 secondary
 Holdenhurst 22/1 crude
i Chichester 13/3 primary
 ' Chichester 24/4 crude
L _r NLV Potsdam-1
  b Chichester 12/2 secondary
i—  Saratoga (U07614)
L-P Maryland (U07811)
— Mph2 (clinical UK)
__________________ Chichester 24/4 primary
---------- SRSV familyl-91 -Z29374-1
_1--------- [--------- T--------- 1--------- 1-----------j---------1
30 25 20 15 10 5 0
Nucleotide Substitutions (x100)
F ig u r e  5 .2 6  Phylogenetic tree showing genetic relationship between 
Genogroup I NoV isolated from crude, primary and secondary treated 
effluents in comparison with representative clinical and published strains at 
the nucleotide level.
The phylogenetic tree was generated using the Clustal V  algorithm within 
MegAlign (DNA Star inc). The tree is based on the alignment of 
approximately 80 nucleotides within the NoV RNA polymerase excluding 
P C R  primers.
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Sewage
Works
Effluent Type Date of 
sampling
TaqMan 
CT value
Sequence
ID
Genogroup I
%Nucleic
Acid
homology
Chichester crude 12/2 50 No ID (Valetta) 92.3%
Chichester crude 13/3 41.49 Valetta 98.7%
Chichester crude 24/4 50 Potsdam 97.4%
Chichester crude 8/5 40.53 Valetta 98.7%
Chichester primary 27/2 43.57 Valetta 98.7%
Chichester primary 13/3 50 Potsdam 97.4%
Chichester primary 24/4 50 No ID(Family91) 83.3%
Chichester secondary 12/2 45.1 Potsdam 98.7%
Chichester secondary 12/2 45.1 Von Borsdoff 97%
Chichester secondary 12/2 45.1 Hamburg 97.4
Poole crude 22/1 40.61 Valetta 98.7%
Poole crude 25/3 40.5 Valetta 100%
Poole crude 20/9 nt Valetta 98.7%
Poole primary 5/3 40.17 Valetta 98.7%
Poole primary 25/3 39.6 Valetta 98.7%
Poole primary 20/9 nt No ID (Valetta) 88.5%
Poole secondary 7/5 44.06 Valetta 100%
Holdenhurst crude 20/9 nt Valetta 97.4%
Holdenhurst crude 7/5 41.14 Valetta 92.3%
Holdenhurst crude 22/1 50 Hamburg 93.5%
Holdenhurst secondary 22/1 46.1 Von BorsdorffGI 97%
Holdenhurst secondary 5/2 44.37 Valetta 99%
Holdenhurst secondary 20/9 nt Valetta 99%
Holdenhurst secondary 8/4 50 No ID (Murl) 89.7%
T a b le  5 .6  Sequence identity of genogroup 1 NoV-positive effluent samples 
Indicating TaqMan C j  value (<50=positive), and corresponding nucleotide 
sequence ID based on the alignment of approximately 80 nucleotides within 
the NoV RNA polymerase region (excluding P C R  primers). % Nucleic acid 
homology generated by alignment of published NoV strains within the Clustal 
V  algorithm within MegAlign (DNA Star inc). Nt denotes sample not tested 
Sequence in brackets indicates no confirmed ID.
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Sewage
Works
Effluent
Type
Date of 
sampling
TaqMan 
CT value
Sequence
ID
Genogroup II
%Nucleic
Acid
homology
Chichester crude 8/5 31.94 Grimsby 97.4%
Poole crude 22/1 37.33 Grimsby 95%
Pooie crude 20/9 34.66 Harrow 99%
Poole primary 20/9 35.4 Grimsby 95%
Holdenhurst secondary 20/2 43.63 Grimsby 95%
Holdenhurst crude 20/9 38.85 Harrow 99%
Holdenhurst primary 20/9 30.99 Grimsby 97.4%
Holdenhurst secondary 8/4 50 Harrow 96.2%
T a b le  5 .7  Sequence identity of genogroup II NoV-positive effluent samples 
Indicating TaqMan CT value (<50=positive), and corresponding nucleotide 
sequence ID based on the alignment of approximately 80 nucleotides within 
the NoV RNA polymerase region (excluding P C R  primers). % Nucleic acid 
homology generated by alignment of published NoV strains within the Clustal 
V  algorithm within MegAlign (DNA Star inc).
Nt denotes sample not tested
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The pathogen of interest, Grimsby NoV was demonstrated to be highly 
prevalent within untreated sewage with on average 96% of crude effluent 
samples testing positive for the virus from the three STW s monitored. 
Grimsby NoV was also found to be approximately 0.5 logs higher in titre than 
EV , which was detected less frequently, testing positive in 81% of crude 
effluents. Valetta NoV was also detected less frequently, with only 58% of 
crude effluents positive for the virus and the average titre being 
approximately one log lower than Grimsby NoV.
Grimsby NoV was present in 75% of secondary treated final effluents with the 
highest average titre of all organisms at 2.31 log pdu/ml. Occurrence rose to 
93% within Chichester STW  final effluents. Therefore, even after biological 
sewage treatment high levels of pathogenic enteric viruses are being 
discharged into the marine environment
Titres of Grimsby NoV displayed a marked seasonality in all effluent types 
from each of the three STW s, with levels rising within winter months. 
Enterovirus levels appeared to fluctuate throughout the year. Valetta NoV 
and GA displayed no discernable seasonality, however within secondary 
treated (final) effluents the lowest titres of these viruses were recorded in 
August.
Indicator organisms E.coli and F+ bacteriophage were detected in all effluent 
types from each STW , and no season pattern was observed.
it was found that the different sewage treatment processes in use at each 
STW  varied greatly with regard to virus reduction, with activated sludge 
processes being on average the most efficient. All processes were 
comparable with regard to E.coli reduction, with the bacterium being removed 
to a much higher degree than the viruses. Overall, the efficiency of sewage 
treatment appeared to display no season pattern.
5.7 SUMMARY
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The majority of NoV-RT-PCR positive amplicons from the effluents collected 
in this study were successfully cloned and nucleotide sequenced, and a 
putative identification of the NoV strain was achieved. The analysis 
suggested that although genogroup I NoV strains were more predominant 
during the effluent sampling period, the strains identified were much more 
diverse, however Valetta strain was the most predominant. This reinforces 
the correct choice of the Gl NoV primer and probe set. Genogroup 11 strains 
were characterised as either Grimsby or Harrow. In addition, samples from 
individual effluent samples were found on occasion to contain strains from 
both genogroups. Three strains that had previously not been isolated from 
either environmental or clinical samples within the C E F A S  laboratory were 
detected within this study.
In summation, it is believed that the relative quantitation data obtained for 
NoVs is highly novel, and to date is the first account of the occurrence and 
survival characteristics of these viruses within effluent samples.
C H A P T E R  S I X
N O R O V I R U S  S U R V I V A L  IN S E A W A T E R
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Conventional biological sewage treatment cannot remove or inactivate all 
pathogens and thus discharge of these effluents leads to the contamination 
of the marine environment with human enteric viruses. The transmission of 
d isease depends on the ability of these enteric viruses to survive for a 
sufficient period in this environment to infect a human host (Ward et al., 
1986). Outbreaks of viral gastroenteritis and infectious hepatitis (Gunn et al., 
1982; Kohn et al., 1995; Christensen et al., 1998; Berg et al., 2000) occurring 
through the consumption of filter-feeding shellfish are well documented, and 
similar outbreaks have been associated with the recreational use of waters 
(Gray et al., 1997).
Although strong epidemiological evidence is lacking, the potential human 
health hazard was recognised by the inclusion of enterovirus-level criteria in 
the EU Bathing Water Directive (76/160/EEC) (European Directive, 1976). 
Information concerning the survival characteristics of enteroviruses or 
bacteriophages is relatively scarce (Dahling and Safferman, 1979; Weatherly, 
1998; Sinton et al., 1999), but much more is known of the survival of bacteria 
such as E.coli (Fujioka et al., 1981; Fattal et al, 1983; Sinton et al., 1994). 
However, at this point no information is available for the main pathogen of 
interest, norovirus.
An in vitro experimental system was designed to replicate marine conditions 
in order to investigate the survival of NoVs within the marine environment. A 
review of previous studies (Block, 1983) indicated that various environmental 
parameters could potentially affect the rate of virus survival in seawater these 
include pH, temperature, turbidity, viral adhesion to organic solids, and virus- 
virus interactions. However due to the physical and time constraints of the 
study only the two main parameters were investigated: temperature and 
sunlight to simulate either summer or winter conditions.
6.1 INTRODUCTION
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6.2.1 Estab lish ing  UV Dose and Tem perature
The effect of sunlight was investigated using a solar light simulator (Solar 
Light Company, PA .U SA ), which recreates the full spectrum of natural 
daylight including, UVA and UVB germicidal wavelengths (figure 6.1). This 
generates high incident light and permits accurate “summer” simulation for 
inactivation studies.
6.2 EXPERIMENTAL DESIGN
Wavelength [nm]
F ig u r e  6 .1  UVB and UVA Spectrum  o f  Solar Sim ulator and O verhead 
Sunlight. Indicating w avelength  in nm (A dapted from  w w w .Solarligh t.com ).
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To ascertain a meaningful intensity of sunlight to represent summer and 
winter conditions UVA readings were taken in summer and winter months at 
an open space directly outside the C E F A S , Weymouth laboratory using the 
UVA 3D V2.0 intensity meter (Solar Light Company, Pa. USA) (table 6.1). 
The UVA detector of the meter measures the UVA irradiance (Mw/cm2) 
between 320nm-400nm, with a peak response at 360nm. The average 
readings for both summer and winter were 9.11 Mw/cm2 and 1.12 M w /cm 2 
respectively. However, due to constraints of the laboratory set up these 
figures were adjusted to 10 Mw/cm2 and 1.24 Mw/cm2.
D ate U V A  (M w /cm 2)
Summer May 2002 8.92
Summer June 2002 9.4
Summer July 2002 9.0
Average UVA 9 !1
Winter Jan  2002 0.92
Winter Jan 2002 1.33
Winter Feb 2002 1.09
Average UVA 1.12
T a b le  6 !  UVA intensity readings at The Nothe, Weymouth, UK over a 
selection of summer and winter months.
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The effect of temperature was investigated over a meaningful range. In order 
to determine this nine coastal or estuarine locations representative of the 
whole of the British Isles were chosen and their average summer (August) 
and winter (February) sea temperatures were derived from a C E F A S  Science 
Series Data Report detailing these parameters over the last 20 years (Norris, 
2001) (table 6.2).
Unfortunately, again due to logistical constraints of the laboratory set-up, the 
average temperatures of 6 .2°C  and 16.94°C for winter and summer seawater 
respectively were rounded-up to 10°C and 20°C respectively.
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S IT E
February
C C )
August
(°C)
Bournemouth
(1970-2000) 6.8 18.3
Brancaster
(1966-2000) 4.4 18.3
Bradwell Power Station
(1964-2000) 4.8 19.3
Hinkley
(1976-1999) 6.4 19.4
Port Erin
(1903-2000) 7.2 14.1
Plymouth
(1957-1993) 7.9 16.0
Moelfre
(1966-2000) 5.8 15.8
Redcar
(1966-2000) 5.6 14.2
Weymouth
(1966-2000) 6.9 17.1
MEAN A V ER A G E 6.2 16.94
T a b le  6 .2  Near surface sea temperatures in British Costal waters 
Average temperatures are shown for winter (Feb) and summer (Aug) 
conditions (adapted from Norris, 2001).
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It was initially planned to conduct the seeding studies in a large volume of 
seawater (30 L) to better represent the natural environment. This volume 
had to be dramatically scaled down (400ml) (figure 6.2) as after extensive 
use in preliminary seeding experiments, the quantity of faecal material 
positive for Grimsby NoV decreased dramatically. Grimsby NoV, poliovirus 
1, GA bacteriophage, and E.coli were seeded, sampled, and processed as 
outlined in sections (6.2.5 to 6.2.10) and preliminary results indicated that the 
nucleic acid extraction methodology developed for shellfish to be equally 
applicable to ‘low volume’ seawater studies (possibly due to lack of necessity 
to concentrate high volumes of liquid).
6.2.2 Experimental Set Up
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F ig u re  6 .2  Solar Simulator Lamp
The two seawater samples are maintained at the correct temperature within 
the refrigerated water-bath. The light source is directed onto the open 
sample, whilst the dark (control) sample receives no light.
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6.2.3 Preparation of V iru s fo r Seeding Experim ents
Each virus preparation was sonicated (model VCX600 Vibra Cell; Sonica and 
Materials Inc., USA) for 30 s at 20kHz (600 W) and filtered through a 0.2pm 
membrane (Sartorius, UK) (which contained a pre-filter) prior to inoculation in 
seawater.
6 .2 .4 Preparation o f E.coli fo r Seeding Experim ents
One isolated colony was picked to inoculate 100 ml of nutrient broth 
incubated at 37°C for 18 h. Bacteria were sedimented at 3000 x g for 15 min, 
pellets were washed three times in P BS  and filtered through a 5pm 
membrane (Sartorius, UK) prior to use in the seeding studies.
6.2.5 V iru s Seeding
800 ml of fresh seawater was seeded with stock viruses; Poliovirus type I, 
and F+ bacteriophage GA serotype to final concentrations of approximately 
108 PFU/ml and with 1 ml of a 10% extract of faecal material positive for 
Grimsby strain NoV. The resulting 800ml of seeded seawater was then split 
into two 400ml aliquots. One beaker was exposed to UV light from a solar 
simulator (Solar Light Company, Philadelphia, USA) at the appropriate dose 
and temperature (summer= 20°C, 10 Mw/cm2, winter = 10°C, 1.4 Mw/cm2), 
and the second was covered with aluminium foil to preclude light exposure 
(figure 5.2). All UV intensities were measured using the 3D V2.0 UVA/UVB 
intensity meter (Solar Light Company, Philadelphia, USA). The seawater 
was kept agitated by stirring.
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6.2.6 E.coli seeding
800 ml of fresh seawater was seeded with E.coli grown from an overnight 
culture in nutrient agar at 37°C to an approximate final concentration of 
107 CFU/ml and split into two aliquots of 400ml. E.coli was subjected to light 
treatment with a non-illuminated control as above
6.2.7 Sam ple Collection and P ro cess ing  (V iruses)
A 1ml sample and a 850pl sample of seawater was withdrawn from each 
beaker at time 0 (0 hrs) and thereafter at the times specified in appendix I. 
Samples were frozen at -20°C  prior to analysis.
Prior to amplification by TaqMan 800pl of seeded seawater sample was 
thawed, the nucleic acid was extracted and reverse transcribed according to 
sections 2.5.4 & 2.6.1 . Essentially, the 800pl seawater was split into 2 x 
400pl samples and nucleic acid extracted (section 2.5 .4). Post reverse 
transcription of the nucleic acid the resultant 2 x 15pl cDNA samples were 
pooled together and 2pl was used (in duplicate) for each virus amplified in 
the TaqMan reaction. Each TaqMan reaction received an equivalent of 
53.4pl initial seawater. In addition, 1ml of sample was analysed by the 
double agar overlay method for GA bacteriophage.
6.2.8 Sam ple Collection and P ro cessing  (E.coli)
1 ml of seawater was sampled initially at time 0 and thereafter at the times 
specified in appendix I, and analysed immediately by the E.coli membrane 
filtration technique as specified in section 2.6.3
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6.3 INACTIVATION OF EN T ER IC  V IR U S E S  AND IN DICATOR 
ORGAN ISM S WITHIN S E A W A T E R
6.3.1 Interpretation of R esu lts
The results of all experiments are presented in figures 6.3 to 6.10 and the T 90 
values in hours (time taken to inactivate 90% of a given microbial population) 
are summarised in table 6.3. Each figure shows a linear regression line that 
was fitted to the percentage of surviving organisms from the population 
receiving light and the non-illuminated control group. To derive the T go 
inactivation values in hour units the equation of the linear regression line,
y  = m x  + c
(where m is the gradient of the line, and c is the y intercept value) was 
arranged as follows to permit calculation of the slope of the graph:
T 90 =  (c -  1 0 %  su rv iva l)
m
S U M M E R  T 90 (h ou rs) W IN T E R  T 90 (h ou rs) 
+ U V D A R K  +U V  D A R K
F+ p h a g e  1 1 .4 8  2 6 .4 7  2 6 .4 9  8 7 .1 8
E.coli 2 ! 2  5 7 .4 7  3 0 .6 7  48 .31
EV  (P o lio  I) 1 5 .4 0  3 2 .1 6  9 1 .5 7  1 4 2 .8 6
N oV  2 3 .2 8  7 7 .5 2  7 7 .7 6  2 2 5 .3 5
(G rim sb y )
T a b le  6 .3  Summary Data: Tg0 values are stated in hours for all organisms 
for summer (20OoC, UV=10Mw/cm2) and winter (10°C, UV= 1.4 Mw/cm2) 
conditions.
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6.3.2 E.coli seaw ater su rv iva l (sum m er data)
The Tgo values in hours for E.coli were determined under summer conditions 
(20°C) with sunlight at a UV intensity of approximately 10 Mw/cm2. Samples 
were also analysed from the control, which was kept at the same 
temperature but receiving no sunlight. The correlation coefficient (R2) value 
for each linear regression was also observed and data sets showed good R 2 
values of 0.745, 0.8642 for the light and dark controls respectively.
The data (figures 6.3) from the summer simulations display differences in T 90 
values between E.coli populations that were subjected to a high level of 
sunlight (10Mw/cm2) than those within the dark control. The population 
exposed to sunlight were reduced by one log within 2.12 hours whereas 
those in the dark control at the same temperature had a T 90 value of 57.47 
hours. The difference in time taken to remove all E.coli from the seawater 
between the light and dark controls was more pronounced. Under sunlight 
conditions E.coli levels were reduced to 0.1 cfu/ml (level of sensitivity of the 
assay) within 2.5 hours, however the dark control took approximately 117.5 
hours longer for total inactivation. The possibility that E.coli might be 
replicating at the elevated temperature of 20°C (without sunlight) should be 
considered, as growth of the organism could affect reduction time.
6.3.3 E.coli seaw ater su rv iva l (w inter conditions)
The T 9o values (hours) for E.coli were determined under winter conditions 
(10°C) with sunlight at an UV intensity of approximately (UV: 1.4 Mw/cm2). 
Samples were also analysed from a dark control, which was kept at the same 
temperature but receiving no sunlight.
The data within the winter E.coli experiments (table 6.3) showed a similar 
effect to that of the summer experiments, where the population in the dark 
control had a T 90 of 48.31 hours whereas those exposed to sunlight (1.4
200
Mw/cm2) had a Tgo of 30.67 hours. The correlation co-efficient values of the 
two linear regression lines were very high: 0.9604 (UV), 0.8912 (dark) (figure
6.4) indicating that a high degree of confidence can be placed in the T 90 
values. Moreover, the time taken for complete elimination of E.coli levels 
was much shorter when exposed to sunlight. (4.5 hours compared to 
approximately 130 hours within the dark control. These results may indicate 
that presence of UV is a more important parameter in bacterial inactivation 
than temperature.
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Tim e (days)
F ig u re  6 .3  E.coli survival under summer conditions (20°C)
% survival was plotted against time for those organisms receiving iight (□ )  at 
10Mw/cm2 UV intensity, and those in the non-iiluminated control (■). Lines 
of linear regression were fitted from which decimal reduction times (T90) of 
2 ! 2  hours (R 2 = 0.754) and 57.47 hours (R2 = 0.864) were respectively 
derived.
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F ig u re  6 .4  E.coli survival under winter conditions (10°C).
% survival was plotted against time for those organisms receiving light (□ )  at 
1.4Mw/cm2 UV intensity, and those in the non-iiluminated control (■). Lines 
of linear regression were fitted from which decimal reduction times (Tgo) of 
30.67 hours (R 2 = 0.960) and 48.31 hours (R 2 = 0.891) were respectively 
derived.
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6.3 .4 V irus/bacteriophage su rv iva l in seaw ater (sum m er conditions)
The Tgo values (hours) for, poliovirus type 1, F+ bacteriophage GA and 
Grimsby NoV were determined under summer conditions (20°C) with sunlight 
at a UV intensity of approximately (10.0 Mw/cm2). Samples were also 
analysed from a dark control, which was kept at the same temperature but 
receiving no sunlight.
6.3.4.1 Enterovirus (poliovirus 1) data
The correlation co-efficient R 2 values for both poliovirus data sets were high; 
0.8823 (UV) and 0.8933 (dark) (figure 6.5). As observed within the E.coli 
experiments the T 90 values were lower within the population that received UV 
light (15.40 hours) than within the dark control (32.16). However, the 
difference between the two populations was not as pronounced as with the 
bacterial populations.
6 .3 .4 .2 F+ bacteriophage GA data
The ‘viability’ data from the double agar overlay method is detailed in figures
5.7 & 5.8. The correlation co-efficient R 2 values for both GA data sets were 
high; 0.9305 (UV) and 0.9429 (dark) (figure 6.7). The population within the 
dark control (T90 26.47) took over twice as long to be reduced by 90% than 
those receiving light (11.48) at this temperature (20°C).
6 .3 .4 .3 Grimsby NoV data
As with the polio I data the correlation co-efficient R2 values for both Grimsby 
NoV data sets were high; 0.8004 (UV) and 0.8458 (dark) (figure 6.9). As 
observed within the E.coli experiments the T 9o values were substantially 
lower within the population that received UV light (23.28 hours) than within 
the dark control (77.52).
203
The Tgo values (hours) for, poliovirus type 1, GA bacteriophage and Grimsby 
NoV were determined under winter conditions (10°C) with sunlight at an UV 
intensity of 1.4 Mw/cm2. Sam ples were also analysed from a dark control, 
which was kept at the sam e temperature but receiving no sunlight.
6.3.5.1 Enterovirus (poliovirus 1) data
The correlation co-efficient R  values for both poliovirus data sets were high; 
0.8845 (UV) and 0.961 (dark) (figure 6.6). Again, it was observed that Tg0 
values were lower within the population that received UV light (91.57 hours) 
than within the dark control (142.86).
6 .3 .5 .2 F+ bacteriophage GA data
The ‘viability’ data from the double agar overlay method is detailed in figures 
5.14 & 5.15. The correlation co-efficient R 2 values for both GA data sets 
were high; 0.9938 (UV) and 0.9176 (dark) (figure 6.8). The population within 
the dark control (Tgo 26.49) took over three times as long to be reduced by 
90% than those receiving light (87.18) at this temperature (20°C).
6 .3 .5 .3 Grimsby NoV data
The data (figure 6.10) obtained under the winter temperature display a highly 
significant difference in T 90 values between Grimsby NoV populations that 
were subjected to a relatively low level of sunlight (1.4 Mw/cm2) than those 
within the dark control. The population exposed to sunlight were reduced by 
one log within 77.76 hours whereas those in the dark control at the same 
temperature had a Tgo value almost three times longer at 225.35 hours. In 
accordance to all the survival experiments reported, the assay was robust (as 
judged by correlation co-efficient values of 0.7739 (UV) and (dark) 0.9428) 
and the viral titres appeared to be decreasing in a linear fashion.
6.3.5 Virus seawater survival (winter conditions)
204
Tim e (days)
F ig u re  6 .5  Poliovirus 1 survival under summer conditions (20°C)
% survival was plotted against time for those organisms receiving light (□ )  at 
10Mw/cm2 UV intensity, and those in the non-iiluminated control (■). Lines 
of linear regression were fitted from which decimal reduction times (Tg0) of 
15.40 hours (R 2 = 0.882) and 32.16 hours (R2 = 0.893) were respectively 
derived.
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F ig u re  6 .6  Poliovirus 1 survival under winter conditions (10°C)
% survival was plotted against time for those organisms receiving light (□ ) at
1.4Mw/cm2 UV intensity, and those in the non-iliuminated control (■). Lines 
of linear regression were fitted from which decimal reduction times (Tgo) of 
91.57 hours (R 2=0.885) and 142.86 hours (R 2 = 0.961) were respectively 
derived.
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Tim e (days)
F ig u r e  6 .7  F+ bacteriophage GA survival under summer conditions (20°C)
% survival was plotted against time for those organisms receiving light (□ )  at 
10Mw/cm2 UV intensity, and those in the non-illuminated control (■). Lines 
of linear regression were fitted from which decimal reduction times (Tgo) of
11.48 hours (R 2 = 0.931) and 26.47 hours (R 2 = 0.940) were respectively 
derived.
Tim e (days)
F ig u r e  6 .8  F+ bacteriophage GA survival under winter conditions (10°C)
% survival was plotted against time for those organisms receiving light (□ )  at 
1.4Mw/cm2 UV intensity, and those in the non-illuminated control (■). Lines 
of linear regression were fitted from which decimal reduction times (Tgo) of
26.49 hours (R2 = 0.994) and 87.18 hours (R 2 = 0.918) were respectively 
derived.
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Time (days)
F ig u r e  6 .9  Grimsby NoV survival under summer conditions (20°C)
% survival was plotted against time for those organisms receiving light (□ )  at 
10Mw/cm2 UV intensity, and those in the non-illuminated control (■). Lines of 
linear regression were fitted from which decimal reduction times (Tgo) of 
23.28 (R  = 0.800) and 77.52 hours (R 2 = 0.846) were respectively derived.
Time (days)
F ig u re  6 .1 0  Grimsby NoV survival under winter conditions (10°C)
% survival was plotted against time for those organisms receiving light (□ )  at 
1.4Mw/cm2 UV intensity, and those in the non-illuminated control (■). Lines 
of linear regression were fitted from which decimal reduction times (Tgo) of 
77.76 (R 2 = 0.774) and 225.35 hours (R2 = 0.942) were respectively derived.
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6.3.6 Com parison of E.coli and Virus/bacteriophage Surv iva l under 
Sum m er Conditions
In comparison to the E.coli T 90 values under summer conditions and 
exposure to UV light (table 6.3), the inactivation times of the viruses under 
the same conditions were considerably longer. Grimsby NoV and Poliovirus I 
Tg0 values were 21.16 and 13.28 hours longer respectively. This may 
indicate that bacteria are more susceptible to inactivation by UV irradiation 
than viruses, possibly due to genome of bacteria being much larger than of 
viruses. Interestingly, the data for GA F+ bacteriophage did not appear to 
reflect that of E.coli, taking 9.36 hours longer to be inactivated than E.coli. 
Tgo values were similar between GA and poliovirus 1 (11.48 and 15.40 hours 
respectively). However, Grimsby NoV inactivation time was more prolonged 
than any other organism.
The Tg0 values of viruses and E.coli were more comparable within the dark 
control, however under these conditions Grimsby NoV survived longest 
(77.52 hours) and GA bacteriophage shortest (26.47 hours). The reduction 
times of the organisms studied can be summarised as follows (longest first): 
Grimsby NoV > E.coli > Polio 1 > GA phage.
The comparative values for the summer experiments between those viruses 
that had received sunlight and those within the dark control reflected the 
results in the E.coli experiment in that the T 90 values for the dark control were 
much higher for both viruses. In the case of Grimsby NoV it took over three 
times as long for the virus level to decrease by 90%, and over twice as long 
for poliovirus I. These results confirm that intensity of UV light is an important 
parameter in the activation of microorganisms.
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6.3.7 Com parison of E.coli and V irus/bacteriophage Surv iva l under 
W inter Conditions
In comparison to the E.coli T 90 values under winter conditions and exposure 
to UV light (table 5.2), the time taken to inactivate viruses under the same 
conditions was significantly longer. Grimsby NoV and Poliovirus I T 90 values 
were 47.09 and 60.9 hours longer respectively. Unexpectedly, the data for 
GA bacteriophage (with UV exposure) did not reflect the virus survival times, 
and in fact, required 3.77 hours less time for inactivation than E.coli, but was 
15.64 and 11.8 hours quicker than Poliovirus I and Grimsby NoV 
respectively.
Without ‘sunlight’ exposure the disparity between T 90 values for viruses and 
E.coli were more pronounced, with all viruses exhibiting longer survival times 
than E.coli. Moreover, Grimsby NoV survived over three and a half times 
longer than E.coli, with a T 90 of 225.35 hours (approximately 9.5 days).
The comparative values for the summer simulations between those samples 
that had received sunlight and those within the dark control indicated that 
without sunlight the Tgo values were much higher for all viruses. The data for 
E.coli was less striking, nonetheless, the bacterium survived longer in the 
dark (48.31 hours) than when subjected to low level UV exposure (30.67). 
As demonstrated by the experiments conducted under conditions simulating 
summer conditions these data suggest that UV is a highly important 
parameter in the inactivation of viruses and bacteria within the marine 
environment.
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6.3.8 Com parison of ‘Sum m er’ and ‘W inter’ Conditions (With and 
W ithout Sunlight)
To aid comprehension of the data, the ratio of Tgo values for all organisms 
under each experimental condition; ("summer UV: summer dark” , "winter 
UV: winter dark” , "summer dark: winter dark” , and "summer UV: winter UV” ) 
were calculated to highlight the condition(s) most affecting the survival of 
each organism (figure 6 !  1 & table 6.4).
When comparing Tgo values of the non-iiluminated control groups for the 
summer and winter experiments (summer dark: winter dark) it can be seen 
that with the exception of E.coli, all organisms survived for a longer period of 
time at the lower ‘winter’ temperature (10°C). In terms of ratios, NoV and GA 
bacteriophage took approximately 3 times longer to be reduced by 1 log at 
10°C and poliovirus 1 took aimost 4.5 times longer (figure 6 !1  & table 6.4). 
The Tgos of E.coli were similar for both summer (57.47) and winter (48.31). 
These results appear to indicate that lower temperature favours virus 
survival.
The comparison of T gos obtained in summer and winter experiments (with 
sunlight exposure) (summer UV: winter UV) showed that for all organisms, 
longer survival times were seen in the winter (low temperature, low UV) 
experiments. GA bacteriophage survived approximately twice as long under 
winter sunlight conditions, and Grimsby NoV survived over 3 times longer. 
The highest difference in viral survival time was displayed by polio 1 (1: 
5.95). The most marked difference in survival was displayed by E.coli, with a 
winter Tgo 14.5 times longer than the summer (figure 6 !  1 & table 6.4).
When examining the ‘ratio’ data as a whole (figure 6 !  1 & table 6.4) it can be 
seen that each of the four ratios for Grimsby NoV Tg0 values are similar, 
indicating that Grimsby NoV survival in seawater is equally affected by either 
temperature or sunlight exposure levels. In contrast, the highest ratio for
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poliovirus 1 was displayed when comparing T go values of summer and winter 
with UV, indicating that poliovirus 1 survival is most affected by the combined 
affects of temperature and UV intensity.
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Figure 6.11 Ratio values of T90 time of each organism for each 
experimental variable
Summer UV: 
Summer dark
Winter UV: 
Winter dark
Summer dark: 
Winter dark
Summer UV: 
Winter UV
F +  p h a g e 1 :2 .3 1 1 : 3 . 2 9 1 : 3 . 2 9 1 :2 .3 1
E .co li 1 : 2 7 . 1 2 1 : 1 . 5 8 1 : 0 . 8 4 1 : 1 4 . 4 7
E V  ( p o l i o  1 ) 1 : 2 . 0 9 1 : 1 . 5 6 1 : 4 .4 4 1 : 5 . 9 5
N o V  ( G r i m s b y ) 1 : 3 . 3 3 1 :2 .9 1 :2 .9 1 1 : 3 . 3 4
Table 6.4 Ratio values of T9o time of each organism for each experimental 
variable
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The results obtained clearly demonstrate the differential survival 
characteristics between viruses (Grimsby NoV/Poliovirus 1/GA 
bacteriophage) and bacteria (E.coli). This is most prominent when 
comparing the Tg0 values (time taken to inactivate 90% of a microbial 
population) of the viruses against that of E.coli under summer conditions with 
high sunlight (UV) exposure. Under such conditions, the viruses (on 
average) displayed Tgo values approximately 10 times higher than E.coli. It 
can thus be stated that E.coli is more sensitive in terms of survival to the 
inactivating effects of UV light than any of the viruses tested. In addition, 
E.coli was inactivated faster than the viruses under the decreased 
temperature conditions with no sunlight exposure. Temperature itself 
appeared to have minimal effect on the survival characteristics of E.coli. 
However, increased UV exposure in conjunction with an increased 
temperature had the most acute effect (decreased inactivation time) on the 
organism.
Of high importance is the finding that under the combined conditions of low 
temperature and low sunlight poliovirus 1 and Grimsby NoV display markedly 
increased Tg0 values than either of the faecal pollution indicators (GA 
bacteriophage and E.coli). This was mirrored the non-illuminated control 
group at this temperature. However, it is worthy of note that under these 
conditions Grimsby NoV survived significantly longer than all of the 
organisms tested, including poliovirus 1. Indeed, with the exception of 
conditions of low temperature and low sunlight grimsby NoV demonstrated 
longer survival times than any organism. This is to date the first account of 
the survival characteristics of NoV in the marine environment and the results 
appear to suggest that NoV is a relatively hardy virus.
6 .4  S U M M A R Y
C H A P T E R  S E V E N
G E N E R A L  D I S C U S S I O N
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The potential risk to public health through the activity of bathing in waters 
contaminated with human sewage, or consumption of shellfish harvested 
from such waters is well documented. The legislative standards intended to 
control such risks from discharge of sewage effluent into the marine 
environment (Directive 91/271/EEC) (European Directive, 1991a), are largely 
based on bacterial faecal indicator levels. It has been recognised since the 
early 1980’s that the inactivation rates of viruses may not necessarily comply 
with those of such faecal indicator bacteria. Conventional sewage treatment 
processes (excluding tertiary treatment) may not fully eliminate viruses from 
the final effluent discharged (Baggi et al., 2001). Although many of these 
viruses are asymptomatic, two virai groups, noroviruses (NoVs) and hepatitis 
A  virus (HAV), are frequently documented as the vehicles of both food-borne 
and person to person transmitted enteric viral disease causing gastroenteritis 
and infectious hepatitis respectively.
The NoVs are the most common aetiological agents of food borne viral 
illness in humans (Kapikian, 1996) and are now known to be very common 
agents of gastroenteritis in the community (Wheeler et al., 1999). 
Nevertheless, there is an almost complete lack of knowledge regarding the 
survival characteristics of these viruses within sewage treatment works and 
the marine environment. This lack of information clearly hampers decisions 
regarding the siting of new sewage discharges and the type and level of 
appropriate cost effective treatment. For example, if NoV survival in the 
environment is relatively prolonged, future development plans for sewage 
treatment works should concentrate on increasing virus inactivation by 
improving tertiary treatment and moving discharge points further away from 
sensitive areas such as shellfisheries. The objectives of this study were to 
provide data on the occurrence of NoVs in crude sewage effluents, their 
removal during sewage treatment, and their survival in the marine 
environment following discharge. Information was also sought on the uptake 
of NoVs in shellfish following such discharge. Virtually no information is
7 !  IN T R O D U C T IO N
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currently available on these topics due largely to the technical difficulties of 
working with NoVs, combined with the difficult nature of sewage effluents for 
PCR analysis. Consequently, most of the information generated by this 
project is novel. The information generated is of high policy relevance to the 
Food Standards agency (FSA) and other Government departments in 
furtherance of policy objectives aimed at minimising the public health 
consequences of sewage discharges to shellfish growing waters. Data on 
the behaviour of NoVs enables more informed decisions to be made on the 
most appropriate combination of control measures and the most cost- 
effective utilisation of public investment funds for sewerage schemes. This is 
currently particularly relevant given the major initiatives on sewerage 
schemes pending due to the Shellfish Waters Directive (European Directive, 
1979) and the Urban Waste Water Treatment Directive (European Directive, 
1991a). Knowledge of the survival characteristics of viruses in sewage 
works, and the marine environment also benefits the FSA in its duties under 
the Shellfish Hygiene Directive in considering the implications of routine 
monitoring data on shellfishery classification.
7.2 D E V E L O P M E N T  OF M E T H O D S  F O R  DETECTION OF NOROVIRUS IN 
S E W A G E  EFFLUENT
This project has developed novel relative-quantitative molecular methods to 
estimate inactivation rates for NoVs within sewage treatment processes 
using fluorogenic 5’ nuclease assay (TaqMan) technology. This assay has 
shown to produce specific, reproducible and quantifiable results. Although 
methods have been published for the extraction of environmental samples for 
conventional PCR, (Lees et al., 1995; Schvoerer et al., 2000; Wyn-Jones et 
al., 2000) little data are available on their application to quantitative methods 
such as the TaqMan assay. Previous studies have documented the 
expected presence of organic and inorganic PCR amplification inhibitors in 
environmental samples (Lewis et al., 2000). Any residual P C R  inhibitors 
remaining after sample processing are highly likely to invalidate quantitative 
results obtained through application of assays such as the TaqMan assay.
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Evaluation and validation of extraction methods was therefore a critical first 
stage in this project, prior to application of the TaqMan quantitation assay to 
environmental samples such as sewage effluents and marine waters.
Four purification/extraction procedures for virus/nucleic acid extraction and 
concentration from sewage effluent samples were evaluated and a method 
chosen and optimised for use with the TaqMan assay. The chosen method 
is based on that reported by Girones et al (Girones et al., 1993). The 
procedure concentrates viral particles, which are associated with organic 
sediment in the effluent sample by ultracentrifugation. The viral particles are 
eluted from the sediment pellet by a glycine buffer at a high pH. As the 
method was originally adapted for the extraction of D N A  from adenoviruses, 
it was not known whether R NA enteric viruses would be able to withstand 
such a high pH. However, seeding study results have demonstrated good 
enterovirus recovery with this method.
In virus seeding and recovery experiments, the Girones method yielded lower 
C t values (higher recovery) with crude effluent matrices than other methods 
and also demonstrated less influence by sample matrix. In these respects, 
the Girones method appeared to be more suitable as a sample processing 
method for virus quantitation by the TaqMan assay. However, the 
methodology was found to be affected by a sub-optimal reverse transcription 
(RT) stage when used with R N A  viruses using standard RT conditions. 
Evaluation of the RT stage has shown the utilisation of random primers at a 
high concentration yielded more optimal results possibly by decreasing 
overall competition for annealing sites within the RNA. This scaled up RT 
step in conjunction with the Girones extraction method yielded quantitation 
data, which was not affected by sample matrix effects (RT-PCR inhibition). It 
was imperative for the chosen method to be free of such effects, which could 
ultimately invalidate any quantitation data produced in the study. Scaling up 
the RT step also permitted the inclusion of five-fold more template cDNA in 
the TaqMan assay. This proved useful, as the use of higher volumes of 
template appeared to decrease the standard deviation between sample
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replicates. This was therefore the final version of the method used for the 
quantitative analysis of NoV occurrence in sewage effluents.
During the writing of this thesis, (September 2003) a method was published 
online for the quantitation of human astroviruses in sewage effluents using 
TaqMan methodology (Le Cann et al., 2003) Interestingly, the authors used 
a similar approach to that detailed in this study. Effluents were 
ultracentrifuged, pellets resuspended in 400pl of sterile water and RNA 
extracted using a commercia! kit. Astrovirus genomes in effluent were 
quantified by comparing C T values to a standard curve, generated by the 
amplification of a standard astrovirus R N A  transcript. Cloned RNA 
transcripts were not used in this study as previous use led to severe 
contamination ofthe laboratory.
7.3 O C C U R R E N C E  OF NoV IN S E W A G E  EFFLUENTS A N D  REDUCTION 
DURING BIOLOGICAL S E W A G E  T R E A T M E N T
The fieldwork conducted in this study focused on the characteristics of NoV 
occurrence in selected crude sewage effluents, and their behaviour during 
passage through selected conventional primary and secondary sewage 
treatment works. NoV presence was assayed by conventional 
presence/absence P C R  and quantitative data was assayed by TaqMan 
methodology in conjunction with the extraction methodology established in 
the developmental work detailed in the previous section. Three UK coastal 
sewage treatment works (STWs) serving large urban populations (Poole, 
Bournemouth [Holdenhurst] and Chichester) were chosen for study. At each 
of these sites samples were taken of untreated effluent (screened or 
macerated crude sewage), primary treated effluent following settling and 
effluent following the secondary biological treatment process. The three 
STWs were chosen to be representative of a different type of the most 
common forms of secondary treatment; trickling filter, aerated sludge and 
biological aerated filter (BAF) respectively. NoV, enterovirus and G A  
bacteriophage content of the crude sewage influent was monitored on a
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regular basis over a one year period to establish the frequency of NoV 
contamination of such effluents and whether this followed any seasonal 
trends. Certain NoV strains isolated were characterised by sequencing to 
establish the diversity of NoV strains prevalent within the environment. 
Throughout the study both E.coli and F+ bacteriophage occurrence was also 
monitored for comparative purposes. These comparisons were important as 
E.coli and F+ bacteriophage are the current and candidate human faecal 
pollution indicator organisms with E.coli levels set as standards for drinking, 
bathing, and shellfish harvesting areas.
To date, this is thought to be the first account of quantitative detection of 
NoVs within sewage treatment processes, and as such is highly novel data. 
The gap in knowledge regarding the survival characteristics of NoVs is 
compounded by two main constraints when designing a quantitative assay 
for this group of viruses. Firstly, NoVs display high sequence diversity not 
only between the two viral genogroups, but also amongst strains of the same 
genogroup. Secondly, the constraints of designing a TaqMan primer and 
probe are numerous. Thus, the development of one pan specific set for the 
quantitative molecular detection of both genogroups is probably not currently 
possible. As such, the data obtained reflects the presence of a common 
strain of each genogroup.
Screened crude, post primary and post secondary sewage effluents were 
collected from three sewage treatment works (STWs) by dip sampling. 
Samples were collected fortnightly from Poole and Holdenhurst STWs. 
Samples were also received fortnightly from Chichester STW. The sampling 
frequency remained fortnightly throughout the winter months, tapering to 
monthly in the summer.
The developed TaqMan assay was found to perform very well for the 
quantitative determination of NoVs in sewage effluent, its main limitation 
being the range of strains it was able to detect - the assay being essentially 
limited to the strain the primers were designed against. For this reason
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assays were targeted at the most common genogroup one (Gl) and 
genogroup two (Gil) strains; Grimsby and Valetta respectively.
7.3.1 NoV strain sequence analysis
The methodology development work for cloning and sequencing sewage 
effluent samples was shown to be effective for characterisation of the NoV 
positive samples from crude, primary and secondary effluent with almost all 
of the NoV samples successfully cloned and sequenced. Due to the diversity 
of NoVs and the many different strains which may be circulating in the 
environment (Norcott et al., 1994; Jiang et al., 1995; Moe et al., 1994) 
several clones were sequenced from each positive effluent sample. 
Alignment analysis of the sequences detected in this study revealed a clear 
separation into two genogroups. Amino acid and nucleotide sequence 
analysis of a region of the R N A  polymerase has led to the distinction of two 
genogroups among the viruses affecting humans (Ando etal., 1994; Taylor et 
al., 1996). Sequencing of the capsid regions of the capsid genes of NoVs 
have furthered confirmed these studies (Taylor et al., 1996; Lew et al., 1994). 
Following the determination of genogroup, a putative identification of the NoV 
strains detected in previously published sequences was attempted. Although 
the level of homology for most of the isolates was more than 95%, it was not 
possible to give a positive identification for some of the strains using 
sequence comparisons with published strains including those registered on 
the genebank database (European Molecular Biology Laboratory -EMBL). 
Further studies are necessary to determine if these are novel sequences or, 
as recent studies have suggested, if they represent cross amplification of 
animal strains of caliciviruses (Suigieda et al., 1998; Clarke & Lambden,
1997).
Samples from individual effluent samples were found to contain both 
Genogroups. The co-existence of two genotypes has been detected in stool 
and oyster samples from an outbreak in Japan (Suigieda et al., 1996), and in 
oyster samples from a polluted harvesting area (Henshilwood et al., 1998).
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Mixed infection in stool samples following oyster consumption (Ando et al., 
1995b) has also been seen. It is not surprising therefore, that samples of 
effluent contain a mixture of strains. Indeed a sample of secondary effluent 
from Chichester contained three different Gl strains. Although the results 
from all three harvesting areas suggest that genogroup I strains were 
predominant throughout the study period, they were much more diverse 
some being isolated on only one occasion. The prominent strain was 
Valletta, which was isolated from all three works on more than one occasion, 
re-enforcing the correct choice of Gl TaqMan primer and probe set. 
Additionally, there were three different strains that had never previously been 
detected within the CEFAS, Weymouth laboratory, ruling out any possible 
contamination. With regard to the genogroup II strains, these were either 
Grimsby or Harrow. Although Grimsby has been the most common 
circulating strain for many years Harrow has been increasingly detected in 
Europe recently (Koopman, personal communication) and may become the 
more dominant Gil strain.
7.3.2 NoV Occurrence In Sewage Effluents
When analysing the data from effluent sampling programme, it was found 
that enteric viruses (notably Grimsby NoV) were present in very high titres in 
the crude effluent samples analysed in this monitoring programme. This 
finding indicates for the first time that NoVs are a ubiquitous group of viruses 
within effluent samples. These data are in agreement with the recent 
infectious Intestinal Disease (IID) study conducted by the Department of 
Health (Wheeler et al., 1999), which stated that NoVs were the commonest 
cause of virus associated gastroenteritis in the community as judged by a 
year long cohort study from seventy G P  practices. In addition, a study 
conducted on the molecular detection of NoVs in crude sewage (Lodder et 
al., 1999) found NoV load in sewage to be high, independent of any 
outbreaks of gastrointestinal disease. The study also compared the 
prevalence of rotavirus and found NoV to generally be at concentrations ten­
fold higher. It is documented that during infection NoVs are shed at lower
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maximal tires than rotavirus (Kapikian et al., 1996) and the authors 
postulated that NoVs might exceed rotavirus as an important cause of 
gastroenteritis. It must be noted that quantitation within the above study was 
ascertained by end-point dilution of positive RT-PCR amplification. It is well 
documented (Clementi et al., 1995) that such a method has many 
drawbacks. The likelihood of carry-over contamination is increased as PCR 
product is manipulated post-amplification. Secondly, the dynamic range of 
the assay is much lower compared to measurements in the exponential stage 
of amplification. Finally, end-point analysis can be inaccurate as variations in 
efficiency are greatest at the later stages of amplification.
The faecal indicator E.coli displayed the highest titres detected in crude 
effluent i.e., prior to biological treatment (4.6 log cfu/ml) this data is 
accordance to the results of other studies on faecal coliform prevalence 
(Hirn, 1980; Miescer & Cabelli, 1982) in which typical abundances of 4-6 log 
cfu/ml were stated. Moreover, both E.coli and F+ bacteriophage were 
present in every effluent sample tested at each STW. Furthermore, all 
organisms (notably NoV) remained at a relatively high titre within final 
(secondary) effluent (i.e., post treatment). Consequently, such pathogenic 
viruses would be discharged at this level into the marine environment.
TaqMan analysis indicated that Grimsby NoV tested positive in 96% of the 
crude samples taken from the three STWs. The TaqMan assay detects the 
presence of only one strain of genogroup II NoV (Grimsby) thus it might be 
assumed that all crude effluents of the types examined would probably 
contain NoVs. Comparable percentages were found for enterovirus (EV) 
(81%) and G A  bacteriophage (91%). When reviewing viral occurrence in 
crude effluent samples it can be stated that NoVs display equivalent or higher 
prevalence than EV. Moreover, average titres of NoV (3.4 log pdu/ml 
effluent) in crude effluent are only approximately one log lower than that of 
E.coli (4.6 log cfu/ml effluent). This is important data clearly showing, for the 
first time, the very common occurrence of NoVs in untreated sewage.
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When analysing the data from individual STWs it was found that the average 
titre of Grimsby NoV within crude effluent was over half a log higher within 
Chichester S T W  than at Poole STW. This may be due to the status of 
infection of the surrounding population served by Chichester STW, indeed 
the population served by Chichester S T W  is approximately three times 
smaller than the other two works. It is interesting to note that the prevalence 
of genogroup I NoV strain, Valetta was substantially lower in the crude 
effluent samples tested in comparison to other enteric viruses assayed, as 
only 58% of the 36 samples tested were positive for this NoV strain. The 
average titre of EV in crude effluent was similar (-3 log pdu/ml) for each 
STW, regardless of the number of population served by the works. These 
data are in agreement with the findings of the UKWIR study (Weatherly, 
1998) in which no correlation was found between population size and EV titre 
in effluent.
Interestingly, NoV (Grimsby) was present in 75% of the final effluents tested 
averaged form all STWs; with an average titre of 2.31 log pdu/ml. Moreover, 
within Chichester S T W  Grimsby NoV was present in 93% of final effluent 
samples, with an average titre of 2.31 log pdu/ml. Again, this is probably an 
underestimation of the presence of all NoVs so the percentage is probably 
higher than described here. EV prevalence was lower than NoV at 62%, and 
the average EV titre (2.01 log pdu/ml) was lower than Grimsby NoV. A study 
of the detection of infectious EV and EV genomes (Gantzer et al., 1998) was 
recently conducted using viability and molecular methods. The study found 
that within secondary (activated sludge) treated effluents, 31% of the 
samples were EV-positive as judged by CPE in cell culture, rising to 100% 
positive when assayed by RT-PCR. Such findings do raise the issue of 
possible detection of non-infectious virus by molecular methods, however the 
authors suggest that cell culture may under-estimate viral titre as some 
enteroviruses (coxsackie A viruses) do not exhibit CPE in culture, and 
thereby would not be detected. In addition, it is also thought that once 
released, naked R N A  would almost certainly be degraded by the many 
RNAses present in effluents (Beuret et al., 2002).
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E.coli and F+ bacteriophage were present in all final effluents. In addition, 
G A  phage (detected by molecular TaqMan) was lower (53%) than the F+ 
phage levels (100%) detected by conventional viability assay. This 
difference may be due to the specificity of the TaqMan assay for G A  phage. 
The assay is only reactive to GA, a type II F+ bacteriophage, whereas the 
viability assay enumerates phages from all four serotypes (I to IV). Studies 
have indicated that F+ phage types II and III are most commonly isolated 
from domestic sewage (Furuse, 1987), thereby increasing the likelihood of 
positive F+ bacteriophage detection form the viability assay.
In contrast, although present in all final effluents E.coli levels, with an 
average titre of 1.98 log cfu/mi were lower than the Grimsby NoV and 
enterovirus titres. This suggests that E.coli levels are reduced to a greater 
extent than certain pathogenic viruses in biological sewage treatment 
processes. Reduction values of the organisms are further discussed in 
section 8.2.4. The data generated also gives a preliminary indication of the 
treatment efficiency ofthe individual STWs, as Holdenhurst S T W  displayed a 
lower percentage of samples positive from Grimsby NoV (58%) in 
comparison to Poole S T W  (81%) and Chichester S T W  (93%).
in summary, the data clearly show that even after sewage treatment, high 
levels of pathogenic enteric viruses are routinely being discharged into the 
marine environment from such treatment works, it was however clear that 
sewage treatment did reduce virus levels but not nearly to the same extent 
as would be expected from E.coli reductions. It was also clear that STWs 
varied considerably in their individual performance at reducing viral levels 
during processing. These differences, are further examined by season and 
site below.
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Within crude effluent, a strong pattern of seasonality was seen for and NoV, 
with viral titres peaking within the winter months. This seasonal pattern 
supports the wealth of documentation (Mounts et al., 2000) regarding the 
epidemiology of NoVs as both incidence of NoV-associated gastroenteritis, 
and detection of the virus in clinical samples, increases in the winter months. 
In fact, NoV-associated gastroenteritis was originally termed winter vomiting 
disease (Caul, 1996) for this very reason. Since NoVs, like all enteric 
viruses, are transmitted through the faecal oral route the higher incidence of 
clinical samples positive for NoV in winter months, will probably directly 
influence the amount present in crude influent, and consequently post 
discharge in the sea. lntriguingly, a winter peak was not found in an 
Australia-based study conducted between 1997-1998, instead a significant 
peak in endemic NoV-associated gastroenteritis was reported in the late 
spring/early summer periods (Marshall et al., 2003). The study also found 
differences between NoV genogroups, with Gil incidence showing summer 
peaks and Gl seasonality being significantly different from that of GIL 
Currently the reason for this trend is unclear. In addition, NoV-associated 
gastroenteritis laboratory reports in the UK also detailed a summer-time peak 
within 2002, the same period as this study (Lopman et al., 2003). The 
authors suggest the possible emergence of a new virus strain variant as an 
explanation, however their preliminary genotyping results did not suggest 
this, as NoVs of the Lordsdale/Grimsby cluster were the predominant strains 
associated with hospital outbreaks within the time period. However, the 
results for genotyping were preliminary and it will be interesting to examine 
the full report when it is published, as the winter peak observed in this study 
was detected using the Grimsby-specific TaqMan primer/probe set.
The data for EV is conflicting, as when examining EV occurrence from all 
STWs the virus appeared to fluctuate throughout the year, however within 
Chichester STW, the highest titres were detected within the winter months of 
January and February. The prevalence of EV within the community is
7 .3 .3  S e a s o n a lit y  o f  N o V  O c c u rre n c e  In  Se w a g e  E f f lu e n t s
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thought to peak within the summer as detailed in a recent PHLS report 
(PHLS, 2002). However, the data presented here indicates a winter peak of 
EV. This may be due to the occurrence of different strains of enterovirus 
occurring in community and environmental samples. Many (most) enteroviral 
infections are asymptomatic, thus many patients would not present their 
illness to a physician and therefore no samples would be taken for laboratory 
analysis. Reported outbreaks are therefore almost certainly the tip of the 
iceberg in respect to presence of enteroviruses within the community 
(http://home.coaui.net/mvrna/virus.htm). The seasonality of total enterovirus 
strains circulating within the UK community is not known, but may not reflect 
that of the clinically apparent strains. Indeed, a Finland-based study 
conducted over 20 years found that relative abundance of EV serotypes 
isolated from sewage did indeed differ from that of patient clinical specimens 
(Hovi et al., 1996).
The occurrence of NoV within final effluent also followed a seasonal pattern 
with the highest titres present in the winter months, however the seasonality 
was not as pronounced as within crude effluent. This may be because the 
secondary sewage treatment processes had reduced the titres of NoV. 
Levels of EV fluctuated throughout the year, however lowest levels of the 
virus were recorded in August. In contrast to EV and NoV, no pattern of 
seasonality was detected within the data for the faecal indicators E.coli and 
F+ bacteriophage.
When comparing the individual STWs the pattern of seasonality was more 
pronounced at Chichester and Holdenhurst STWs for both NoV and EV.
The data in this study indicate that NoV titres in final effluent increase in the 
winter months, and therefore more virus is discharged into the marine 
environment. These findings are compounded by those of chapter six 
(discussed within section 8.4) which show that enteric viruses persist for 
longer at the lower temperatures and decreased intensity of sunlight found 
within the winter months, thereby increasing the risk of virus transmission at 
this time of year.
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To ascertain the efficacy of the biological treatment processes at the three 
STWs studied, the reduction of organisms between primary and secondary 
treatment was calculated. Although data were collected from all stages of 
biological treatments, (i.e., crude, post primary and post secondary effluents) 
the log reduction data were only presented for the reduction between post 
primary and post secondary treated effluents. The log reduction data 
between crude and post primary treated effluent were not calculated as titres 
of both virus and bacteria were very variable in crude effluent compared with 
primary effluent, and indeed, were often found to increase in primary effluent. 
This is probably because of the heterogeneous nature of crude sewage 
compared with settled and well-mixed primary effluent. Primary treatment is 
likely to break up agglomerations of virus-virus and virus-particulate organic 
matter, and thus present a much more homogeneous mixture than crude 
sewage.
The log reduction values for all the viruses during sewage treatment were 
similar, with an average value of approximately 1.5 logs. Moreover, log 
reductions values for F+ phage and NoV were similar. This is encouraging 
as F+ phage is a candidate ‘viral’ faecal indicator and is morphologically and 
genomically similar to NoV. However, the current faecal indicator E.coli 
displayed a dramatically higher log reduction value of (on average) 
approximately 1 log (90%) more than NoV. E.coli had the highest log 
reduction value of all the organisms studied at 2.5 logs. This finding has been 
well documented with regard to cultivable enteric viruses (Aulicino et al., 
1996; Payment et al., 2001), however this is the first account of a comparison 
between E.coli and NoVs. Again, this has direct implications with regard to 
compliance to EU standards, as although effluent may comply with regard to 
E.coli levels, pathogenic viruses, notably NoV may still be present. It is 
interesting to note that an apparent effect of seasonality on the efficiency of 
sewage treatment processes for reduction of E.coli and Grimsby NoV was 
observed at Chichester STW, no effect was seen however at Poole or
7 .3 .4  N o V  R e d u c t io n  th ro u g h  B io lo g ic a l Se w a g e  T re a tm e n ts
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Holdenhurst STW. This may indicate the treatment processes used at this 
work (trickling filter) are more susceptible to temperature or fluctuations in 
sunlight levels
7.3.4.1 Influence of Sewage Treatment Process on Pathogen Reduction
The data from each individual S T W  indicated that the works performed 
differently with respect to log reduction of organisms. In the case of virus 
removal, the order of efficiency indicated that Holdenhurst was the most 
efficient, followed by Poole, and finally Chichester STW. This may indicate 
that activated sludge processes (Holdenhurst) are more efficient than either 
BAF (Poole) or trickling filter (Chichester). Activated sludge processes are 
documented to be more efficient with respect to enterovirus reduction than 
either trickling-filter (Dahling et al., 1989) or BAFF processes (Weatherly,
1998). However to draw a firm conclusion for NoV reduction efficiency it 
would be necessary to investigate a range of works of each type. Thus, 
future work could investigate the differences in S T W  efficiency with regard to 
treatment processes. Importantly, however, the efficiency of E.coli removal 
was found to be approximately equal at all of the STWs. Consequently, 
therefore the removal of E.coli was highly misleading in respect to virus 
removal at the more poorly performing works (Chichester and Poole). This 
has clear implications for current monitoring and management regimes using 
E.coli as a faecal indicator for health protection. It would be important for 
future work to establish whether this was a common feature of trickling filter 
systems or whether this reflected poor performance at this particular plant. It 
would also be important to establish the relative performance for virus 
removal of the full range of different biological treatments used during 
sewage treatment. An important aspect in such studies would be to 
incorporate F+ bacteriophage monitoring to ascertain whether this would give 
a better indication of virus removal than would E.coli.
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When detecting viruses by molecular methods it is often questioned whether 
the virus detected is viable and therefore still infectious. The data generated 
in this study for F+ bacteriophage by a viability assay helps address this 
question. In practice this log reduction data was found to be comparable to 
that generated by the molecular TaqMan assay. Thus, by extrapolation, one 
can be relatively confident that the developed methodology is providing 
biologically meaningful data for NoVs.
In summation, the implications of this study are twofold. Firstly, it should be 
noted that a high percentage of secondary (final) treated effluents contain 
enteric viruses (notably NoV). Further studies on the survival characteristics 
of these viruses post-discharge within the environment were therefore 
appropriate. Secondly, schemes to monitor the efficacy of sewage treatment 
processes should not be based on faecal coliform levels, as these organisms 
do not behave in the same manner as enteric viruses. However, F+ 
bacteriophage did reflect the behaviour of enteric viruses, (notably NoV) and 
this supports its potential as a candidate alternative ‘viral’ indicator to be used 
alongside, or instead off, E.coli. Methods for NoVs are still too complex to 
implement in a routine diagnostic laboratory. However, the double overlay 
method used to enumerate F+ phage is neither complex nor expensive and 
the data in this study suggests this would provide more meaningful data than 
E.coli in relation to the likely behaviour of NoVs during sewage treatment.
7.4 SURVIVAL OF NoVs IN S E A W A T E R
To address the gap in knowledge regarding the survival characteristics of 
enteric viruses within the marine environment, the survival characteristics of 
Grimsby NoV, poliovirus type 1, F+ bacteriophage and E.coli were 
investigated in the laboratory under controlled conditions. Since it was 
extremely difficult, if not impossible, to carry out these experiments in the
7 .3 .5  C o n c lu s io n s  (Se w a g e  E f f lu e n t  Data)
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natural environment the laboratory conditions were chosen to be as 
representative of the natural environment as was possible.
A review of the literature on the survival of enteric viruses within the marine 
environment was somewhat contradictory regarding the main factors in virus 
inactivation in seawater, but sunlight intensity (Weatherly, 1998) and 
temperature (Gantzer et al., 2002) appeared to be the most important. 
Accordingly, these were the parameters investigated within this study.
it is technically very difficult to emulate the full effects of solar irradiation. 
Accordingly, some researchers have conducted experiments by exposing 
seawater to natural daylight. However, as weather conditions, at least in the 
UK, are neither constant nor reliable this method obtaining solar radiation is 
very to give highly variable conditions. In situ experiments are also difficult 
for two reasons. Firstly, because of the low levels of virus normally found in 
the marine environment, finding environmental samples containing sufficient 
virus to carry out meaningful studies is problematic. Secondly, obtaining 
reliable and repeatable solar irradiation levels is difficult, in this study, the 
decision was taken to conduct experiments in the laboratory but under 
conditions that best represented those likely to found in the field. Seeded 
experiments were therefore carried out in the laboratory and were thus able 
to control both virus dose and temperature very accurately. To emulate 
sunlight a solar simulator was used, which recreates the spectrum 
wavelengths present in natural sunlight, particularly the full range of shorter 
UVA and UVB wavelengths responsible for germicidal activity. Experiments 
were conducted under conditions representative of both summer (20°C) and 
winter (10°C) conditions and UK summer (10mW/cm2) and winter (1.4 
mW/cm2) doses of sunlight to represent conditions likely to reflect maximum 
and minimum virus inactivation. Experiments were conducted both in 
sunlight and in the dark in order to evaluate separately the effects of 
temperature and sunlight.
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The results very clearly demonstrated the differential effects of inactivation of 
bacteria (E.coli) and viruses (NoV, F+ bacteriophage, and poliovirus) held 
under ‘summer’ seawater conditions, with a ‘sunlight’ dose of 10mW/cm2, 
E.coli was inactivated within a relatively short period with a Tg0 value (time 
taken to inactivate 90% of a given microbial population) of 2.1 hours. This is 
an agreement with a study conducted by Pommepuy et al, in which the T90 
for E.coli within surface waters with high sunlight intensity was approximately 
two hours (Pommepuy et al., 1992) By contrast, the time taken for polio, F+ 
phage and NoV inactivation were approximately 13 hours, 9.36 hours and 22 
hours longer than that of E.coli respectively. Viral and bacterial inactivation 
for all experimental conditions appeared to follow first-order kinetics, as 
demonstrated by a linear reduction of organism titre. Similar inactivation 
kinetics have previously been described in other studies for viruses (Yang et 
al., 2000), and E.coli (Reed, 1997) however bacterial UV-inactivation curves 
have also been documented to appear non-linear (bi-phasic), with a plateau 
(i.e., lag period) (Kapuscinski & Mitchell, 1983).
The large differences between virus and bacterial inactivation times may be 
due to the nature of the mechanism of microbial inactivation by ultraviolet 
wavelengths of light. The germicidal properties of ultraviolet irradiation are 
due to the D N A  absorption of the UV light (predominantly UV-B), causing 
cross-linking between neighbouring pyrimidine nucleoside bases (thiamine 
and cytosine) in the same D N A  strand. This is termed photo-biological 
damage (Miller et al., 1999). Due to the mutated base, formation of the 
hydrogen bonds to the purine bases on the opposite strand is impaired. D N A  
transcription and replication is thereby blocked, compromising cellular 
functions and eventually leading to cell death. The amount of cross-linking is 
proportional to the amount of UV exposure. The genome length of E.coli is 
approximately 4639Kb and is substantially bigger that those of either NoV 
(7.5Kb) or poliovirus (7.4kb). Hence, faecal coliforms may be much more 
susceptible to UV damage as many more thiamine and cytosine bases are 
present. These findings are consistent with other studies, which, have 
indicated that faecal coliforms (E.coli) are highly susceptible to damage from
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UV radiation, and thus inactivation (Solic & Krstulovic, 1992), more so than 
viruses (Burkhardt et al., 2000) or F+ bacteriophages (Sinton et al., 1999).
When comparing the results from the winter experiments, with low sunlight 
intensity, NoV and EV again displayed longer survival times in comparison to 
E.coli, but the differences were not as marked as those under higher sunlight 
intensity. in fact, under such conditions, the inactivation time F+ 
bacteriophage was more similar to E.coli than the viruses. This may be due 
to a possible different mechanism of E.coli inactivation under low UVA 
conditions. At wavelengths above 329 nm, (UVA and visible light), in addition 
to photo-biological damage, photo-chemical mechanisms become more 
important, usually acting through photosensitizers to damage bacterial cell 
membranes, this effect is increased with increasing dissolved oxygen content 
of the seawater (photo-oxidative damage) (Reed, 1997; Sinton et al., 1999). 
it has been documented that after photo-biological damage by UVB E.coli 
can perform a function termed photo-reactivation (Harm, 1980), whereby the 
bacterial enzyme photolyase is used to repair pyramidine dimers. However, 
it can be assumed that DNA-repair mechanisms are ineffective after cell 
membrane damage (photo-oxidative) damage. Therefore, within the winter 
experiments, where UVA intensity was lower the prolonged survival of E.coli 
may be due in part to increase in photo-reactivation.
The importance of solar radiation as a factor in microbial inactivation was 
further highlighted by comparing the T90 values derived from the non- 
illuminated controls of E.coli, poliovirus, F+ bacteriophage and NoV. In 
contrast to the microbial populations receiving a dose of sunlight at 
10Mw/cm2, in which the T9o of E.coli was drastically reduced in comparison to 
the viruses, the dark T90 values were all much more comparable to each 
other (polio: 32h, F+ phage: 26.47, NoV: 77h, and E.coli: 57h). The dramatic 
effect of sunlight on E.coli survival was corroborated by the ‘winter’ 
experiments, which showed that T9o values for E.coli receiving a dose of light 
of 1.4 Mw/cm2 (winter levels) were 31 h compared with 2.1 h for ‘summer’ 
conditions. The effect of temperature on E.coli inactivation was found to be
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largely irrelevant with both ‘winter’ and ‘summer’ temperatures giving similar 
Tgo values in the dark of around 50h (range 48-58h).
The data from the survival of NoV, F+ bacteriophage and poliovirus reinforce 
the hypothesis that solar radiation is a highly important factor in viral 
inactivation in the marine environment, as again the T90 values for 
populations in the dark control where much lower than those receiving light at 
both high and low levels of sunlight. NoV in particular took on average 66% 
longer to reduce the population by one log when no light was available under 
both high and low temperatures. These data are in agreement with other 
studies investigating the inactivation parameter of light. Studies conducted 
by the UK Foundation for Water Research (FWR) (Anon, 2002) stated that 
human rotavirus (main cause of infantile gastroenteritis) in seawater were 
significantly inactivated by exposure to light under laboratory conditions. A 
Tg0 of 33.5 hours was calculated for the period 0 to 72 hours. The rate of 
rotavirus inactivation in the dark was slower: over the first 24 hours of the 
experiment a T90 of 13 days was indicated. A  study detailing the survival of 
poliovirus type 1 (Johnson et al., 1997) found that the T90 of poliovirus type 1 
was almost three times longer in the dark, than when subjected to natural 
daylight in situ within the marine environment at 23°C. Studies have been 
conducted to detail the approximate dose of UV (mW-s/cm2) required to 
inactivate a range of microorganisms by one log. The results indicated that a 
smaller dose of UV (-3 mW-s/cm2) was needed to inactivate E.coli, in 
comparison to poliovirus (-4.9 mW-s/cm2).
In summary, sunlight has been found to be the most important parameter in 
the inactivation of viruses within the environment. Thus within the winter 
periods when the UV intensity of natural sunlight is lower, viruses can survive 
for longer periods both within sewage treatment processes and in the marine 
environment. Although not as critical as sunlight, a decreased temperature 
also contributes to the survival of enteric viruses. Regarding the viruses 
individually, NoV survival in seawater is equally affected by either 
temperature or sunlight exposure levels. In contrast, poliovirus 1 is most
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affected by the combined affects of temperature and UV intensity. Studies by 
other groups are in agreement to this, Gantzer et al, stated that a 1 log 
inactivation of poliovirus in sterile seawater was twenty times faster at 25°C 
than at 4°C (Gantzer et al., 2002). Sattar also stated that temperature was an 
important factor in virus survival/inactivation (Sattar, 1984). In contrast, one 
study, (Yang et al., 2000) stated that temperature changes are insignificant in 
coastal areas, where most of the wastewater from land is discharged. 
However, It is well documented that the incidence of NoV-associated 
outbreaks of gastroenteritis associated with shellfish increase in the winter 
months (Mounts et al., 2000). The better survival of NoV in the sea during 
winter months may play a part in this.
The findings in this study indicate that the inactivation rates of NoV and 
poliovirus are relatively incomparable. This is most noticeable under summer 
temperatures, conditions both with and without sunlight, the Tgo’s of Grimsby 
NoV being approximately twice as long as that of poliovirus. Thus, schemes 
that rely on compliance to enterovirus levels, such as the EU bathing waters 
directive (76/160/EEC) may not fully reflect the presence/absence of the 
gastro-enteric pathogen NoV. Moreover, samples for the directive are taken 
in the summer ‘bathing’ season increasing the likelihood of disparity amongst 
NoV and levels of EV. The findings of Girones et al, stating that poliovirus is 
more readily inactivated in marine water at 20°C without sunlight than other 
viruses, such as rotavirus SA11, and bacteriophage B40-8 support the data 
within this thesis (Girones et al., 1989a). Since enterovirus is the only enteric 
virus monitored for by the UK Environment Agency this could have important 
implications for S T W  design and for compliance assessment of receiving 
waters.
However, the most significant finding is the dramatic difference between virus 
and bacterial inactivation, particularly when solar irradiation levels are high. 
This was reflected within the data obtained on the average reduction 
efficiencies of viruses and E.coli in STWs (section 3.2.4). Moreover, with the 
exception of conditions of low temperature and low sunlight (whereby
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poliovirus 1 was longest), Grimsby NoV demonstrated longer survival times 
than any organism, in particular within the non-illuminated control group held 
at 10°C, where it took over 9 days to be inactivated by 90%, indicating the 
relative hardiness of the virus. This is compounded by findings from a small 
number of volunteer studies. One study found Norwalk virus in water to be 
very resistant to chlorine inactivation, more so than poliovirus type 1, human 
rotavirus, simian rotavirus, or f2 bacteriophage (Keswick et al., 1985). The 
other study (Dolin et al., 1972) indicated that Norwalk virus remained 
infective to volunteers following pH 2.7, 20% ether at 4°C for 18 hours, or 
heating to 60°C for 30 minutes. Epidemiological observations from NoV- 
associated outbreaks of gastroenteritis also suggest that NoV is hardy, as the 
virus was found to survive well on inanimate objects (Cheeseborough et al., 
1997) and within bottled mineral waters (Beuret et al., 2002).
The data within this study suggests that monitoring schemes that rely on 
compliance to faecal coliform levels, (EU bathing water and shellfisheries 
directives) with respect to the survival and inactivation of these organisms, 
may fail to protect the consumer against enteric virus contamination. This is 
a fundamental problem with reliance on faecal indicator bacteria for making 
assessment of viral risk. It is difficult to see how this can be overcome unless 
NoV monitoring, using the type of methodology developed in this study, 
becomes a more routinely employed technique for such assessments. 
Certainly now the methods have been developed is worth pursuing further 
studies of this nature to establish whether viral monitoring of environmental 
samples could have a place in routine compliance assessment monitoring. 
An additional, or complementary, possibility is that F+ bacteriophage may 
have a place in monitoring. This indicator may reflect the likely hazard from 
viral contamination better, as although it appeared more sensitive than the 
viruses to inactivation in seawater, its reduction characteristics through 
biological sewage treatment processes are more comparable. Moreover, it is 
certainly more reflective of NoV behavior than the conventional bacterial 
indicator.
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1. Development/Application of broadly reactive NoV TaqMan primer/probe 
sets
The TaqMan assay(s) for NoV used within this study only detect single NoV 
strains, and the data obtained from sequencing NoV positive effluent 
samples showed that rare NoV strains were found on occasion. Whilst this 
has proved sufficient for the research in this project further work would be 
required to apply more broadly reactive TaqMan assays for general 
diagnostic purposes.
Indeed, the development of broadly reactive TaqMan primers and probes for 
both genogroup I and genogroup II NoVs within the ORF1-ORF2 junction of 
the genome has recently been published (Kageyama et al., 2003). The 
assay was successfully applied to quantitate NoV levels within stool samples. 
It would therefore be useful to repeat the sewage monitoring study, and re­
evaluate any seasonal distribution of NoV occurrence in the environment, in 
comparison to the results of Lopman et al, who demonstrated a summertime 
peak in virus from reported cases within the community (Lopman et al., 
2003).
2. Evaluation of a higher number of sewage treatment processes
The differences in efficiencies of sewage treatment works could be further 
investigated by monitoring primary and secondary treated effluents from a 
broader range of STWs and treatment processes. This would enable a firm 
conclusion to be drawn as to which is the optimal biological process with 
regard to NoV reduction.
7 .5  F U T U R E  W O R K
3. Comparison viability Vs Molecular methods for seawater survival studies
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With regard to the studies on the survival of enteric viruses within seawater, it 
would be beneficial to repeat the experiments, with the inclusion of a viability 
assay (plaque assay) for poliovirus 1. This would enable a direct comparison 
of molecular and viability methods, and may highlight any differences that 
might be caused by the possible detection of non-infectious virus by 
molecular methods. In addition, the repetition of survival experiments would 
permit the inclusion of statistical analysis of data.
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SU M M ER (20°C UV= 10Mw/Cm2)
GRIMSBY UV GRIMSBY DARK POLIO UV POLIO DARK
Time (days) CT value Log pdu CT value Log pdu CT value Log pdu CT value Log pdu
0 29.44 3.20 29.52 3.18 23.56 4.98 23.15 5.11
0.25 28.68 3.43 29.63 3.14 21.92 5.48 23.94 4.87
0.5 29.26 3.25 34.07 22.67 5.25 29.68
0.75 32.49 2.28 29.79 3.09 28.39 24.16 4.80
1 31.76 2.50 30.31 2.94 24.57 4.68 25.36 4.44
1.5 33.76 1.89 32.44 2.29 28.99 3.34 29.3 3.24
2 32.74 34.8 1.58 32.84 2.17 29.68 3.13
4 32.82 2.18 30.67 2.83
5 37.06 36.92 0.93
6 33.91 1.85 39.2 0.24 33.83
7 37.53 0.75
9 39.77 0.07
WINTER (10QC UV=1.4 Mw/cm2)
GRIMSBY UV GRIM SBY DARK POLIO UV POLIO DARK
Time (days) C t log pdu C t log pdu C t log pdu C t log pdu
0 33.3 2.03 28.99 3.34 28.22 3.57 21.4 5.64
0.25 32.59 2.25 29.43 3.20 28.78 3.40 23.03 5.14
0.5 35.01 1.51 29.36 3.22 31.86 2.47 22.7 5.24
0.94 34.98 1.52 29.3 3.24 29.55 3.17 21.52 5.60
1.42 31.04 2.72 30.52 2.87 25.17 4.49 22.01 5.45
2.13 33.05 2.11 31.91 2.45 28.58 3.46 23.08 5.13
3.13 35.47 1.37 30.45 2.89 32.36 2.32 23.32 5.05
4.13 38.28 0.52 29.97 3.04 36.47 1.07 23.6 4.97
7.13 32.02 2.42 37.39 0.79 26.48 4.10
12.13 32.4 2.30 38.77 0.37 30 3.03
16.13 35.93 1.23 32.37 2.31
20.13 35.39 1.40 32.86 2.16
23.13 38.27 0.52 33.6 1.94
27.13 39.06 0.28 34.54 1.65
28.13 39.55 0.14
Table 4: Raw seawater survival data: Poliovirus tyoe 1 and Grimsby N V  reduction under a) 
summer and b) winter conditions. Log pdu values are per 53.4pl seawater
_ _ _  k WINTER (10°C UV=1.4 Mw/cm2)SUMMER (20°C UV= 10Mw/Cm ) GA UV GA DARKGA UV GA DARK Time (days) log pfu/ml log pfu/mlTime (days) log pfu/ml log pfu/ml 0 4.85 5.130 6.34 4.93 0.25 4.95 5.230.25 5.13 4.15 0.5 4.480.5 4.08 4.79 0.94 5.110.75 4.09 4.64 1.42 3.841 3.58 3.89 2.132 1.78 2.91 3.13 2.00 4.523 0.00 4.13 1.41 4.534 1.30 5.13 0.30 4.215 0.00 6.13 0.00 3.87
7.13 3.73
8.13 3.11
9.13 2.30
Table 4: Raw seawater survival data:
F+ G A  phage reduction under a) summer and b) winter conditions.
SUMMER (20°C UV=10 Mw/Cm2)
E.coli UV E.coli DARK
Time Hrs log cfu/ml log cfu/ml
0.0 4.36 4.34
0.5 3.75 3.72
1.0 3.79 3.70
1.5 3.83 2.55
2.0 3.15 3.54
2.5 -1.00 3.76
3.5 3.78
4.5 3.82
5.5 3.69
20.7 3.46
21.7
22.7 3.59
43.25
48.8
67.8 2.95
94.8 2.00
118.8 -1.00
b WINTER (10°C UV=1.4 Mw/cm2)
E.coli UV E.coli DARK
Time (Hrs) log cfu/ml log cfu/ml
0 5.75 5.37
0.5 5.47 5.64
1 5.54 5.56
1.5 4.98 5.51
2 5.63
2.5 4.02 5.33
3.5 3.37 5.57
4.5 -1.00 5.59
5.5 5.45
7.5 5.63
12.5 5.58
16 5.21
20 5.09
24 5.37
32 5.06
40 4.34
50 4.52
64 4.39
82 3.22
107 1.34
131 -1.00
Table 5: Raw seawater suivival data:
E.coli reduction under a) summer and b) winter conditions.
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